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ABSTRACT

Nanofluidicsinvestigatesransport phenomena, manipulation, and control of fluids and-nano
sized objects in fluid channels withan at leastonedimensonal size smaller thanl0O0 nm. At the
nanoscale, fluids and objects exhibit lots of unique physigdlmechanicddehaviorsvhich cannot
be observed in micresized or macreized structures, especially for electrokinetically driven cases.
Electrokinetic transport phenomena in nanochannels offer promising possibilities for new
applications of nanofluidic systems, such as drug delivery, DNA sequeregbiosensing.
However, the currentvidely-used nandabrication technologis are complicatedtiime-consuning
and expensiveFundamental research of electrokinetic transport phenoratiiae nanoscalehas
beenfocused on malytical and numericaihodels andvery limited experimentastudieshave been
conducted.Resistive pulse seimg) (RPS)technologyhas beenintegrated with nanofluidics and
applied in nanoparticlecharacterizationhowever, traditional nancorifice-based RPS detection
systemsare not suitable for practical applications due tartbalky size,low sensitivity, and high

cost

This thesis studes electrokinetic transport phenomena in polydimethylsiloxane (PDMS)
nanochannelsas well asapplications of nanochannbased nanofluidic devices inanoparticle
detection and molecule sensingt the beginning of this thes, a costeffective, productve and
simple methodor fabricatingdisposable PDMS nanofluidic devices thg solventinducedcracking
methodand nanoimprint technique is developdde channelsize is controlled by the working
parameters of the solvemduced cracking method while éhquantity and locatios of these
nanocrack are determined bartificial defects. Adetailedguidelinefor making PDMS nanofluidic
chips with single nanochannels or multiple nanochannels of controllable channel size and spacing is

provided. Nanochanneld @0 nm in depth can be obtainedsilyby using this method.

Two fundamental research projects are conducted on siaglechannebased nanofluidic
chipsto investigate electrokinetically driven fluids and particles in nanochanBlelstroosmotic
flow (EOF) in single nanochannels is measuredh®current slope methodChannel size effects,
concentration effects and electric field effects upon EOF velatityanochannelare investigated
systematicallyThe cecreasef EOF velocitydue tooverlappingof electric double layers (EDLS) is
demongratedby experimentsThe experimental results are in goagreementwith the numerical
simulationresults Electrdkinetic (EK) motionof single nanoparticles in single PDMS nanochannels

is investigatedby particle tracing methodsystematically Effects of ionic concentrationof the
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electrolyte medig applied electric field, and particleto-channel size rati@n particle velocityare
studed Thevelocity of nanogtticles insidethe single nanochannels sippresse by the confined
nanospaceue tointeractions betweeBDLs.

Lastly, by usingthe nanochannebased naofluidic chips, two applicationsre developed to
detect nanoparticles, cations as well as DNAauoles bythe RPS techniqueA mathematianodel
for dangle-gate differential RP8etection systemis developed to evaluathe RPSsignals;working
parameters involved iparticle detection by using theanochannebased differential RP&hipsare
studiedexperimentally The signalto-noise ratio (SNR) ofite PDMS nanochannblsed differential
RPS systemis also explored by experimeniBo enhance the resolution of the nanochaivasked
RPS devices, chon nanotubes (CNTgyeintegrated into differential RPS nanofluidic chipsvork
as the sensing gateadovel methods to isolatend cut individual CNTs for CNT-based nanofluidic
devicesare also creded The CNTFchannelbased differential RPS chips are used to detegile
cations and individuassDNA molecules Distinguishing of 18nt sSSDNAs and 3tt sDNAs with
high resolutiorhasbeenachieved.

This thesis provides the nanofluidic research community with a comprehensive working
procedurefor fabricatingcosteffective PDMSbased nanofluidic chgp The fundamental studies in
this thesis expand our ungdéanding of elecbkinetic transport phenomenathe nanoscale, and the
differential RPS detection systems developed on the nanocHazesedd nanofluidic chips open a

new avenue to nanoparticle detection as well as molecule sensing.
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CHAPTER 1 Introduction

1.1 Problem statement

Nanofluidics investigatestransportbehaviors,manipulation, and control of fluidand nane
sized objectsin nanesized fluidic pahs 2 Electrokinetially driven transport phenomena in
nanochannelsre unique incomparisonwith those in microcannels or macksized channelsand
electrokinetic nanofluidics becomes ancrieasingly important area in the nanoscience and
nanotechnolgy fields. These uniquéransportphenomendavebeen attracting a lot of interest and
been invetigated extensivdy. In recent years, nanofluidic devices hasmmergedas powerful
platforms forapplications in the fields of bioengineering, analytical chemistry desehsaliagnosis

However there are stilstumbling blocks on this avenue.

Firstly, conventional nanofluidic devices agenerallycreatedon solid-statematerials such as
siliconand glassby focused ion beam (FIBifhography electron beam lithography (EBL) and sa.
Thesefabricationtechnologis (will be reviewed inCHAPTER 2 are complicatedtime-consuming
and expensive-owever,reuseof these deicesmay triggerlargeerrors duringdata acquisitiordue
to the change of the surfacpropertiesand structural sizesThe main challenge faced by many
experiments and applications tise fabrication of reliable nanofluidic devicesConsequently a
prodictive, costeffective, reliable and simple techniguéor nanochannel fabricatiors urgently

needed in the nanofluidiesearclcommunity

Manipulation offluids andsample in nhanochannels typically achievedy electrokinetially
driven tchnique However, electrokinetic transpobehaviorsin nanochannels ka not been fully
understoodyet. A lot of numericalstudieshave been woikg onthese phenomena, bistdate there
are fewsystematic experimentatudies aboutthe nanoscalé electrokinetic trasport for instance,
electroosmotic flow (EOF) in nanochannels arelectrophoresi®f nanoparttlesin nanochannels.
Most of the related experimental studs are focused mainly oilon transport or conductivity of
nanochannel®r transport of particle suspsions;little attention has been patd the fluids and
individual nanoparticlesOn top of this,PDMS material haveenoccupying the microfluidic and
nanofluidic fields for many yeardyut a systematic understanding of masansportin PDMS
nanofluidc devicesis still lacking Another main challengefaced by many experiments is the

techniquanvolved inthe characteriation of thesedynamic transpoitbehaviors



Lastly, nanofluidic devices are born fine upcoming nanometer eféor example, nanofluidi
devices developed based dime resistive pulse sensin(RPS) techniquehave been appliedin
detecing and sizingnan@articles, virus, DNAs and biomoleculesand so on However, the
traditionally designed RPS system is theapillary-in-a-tanko style. Speifically, a capillary with a
small nangorifice (the sensing gate) is immersed in a tanklettrolytesolution and an electric
field is applied between the two ends of tiencorifice. Asobjecs pass through the sensing gate
one by one angbartially displace the electlyte solution in the sensing gate, the electric current
inside the sensing gate area changes accordingly, geneetdtgc curreni pul se o0Thas i gnal s
nanacorifice-basedRPSsystemhas several shortcomings. For example, the detestistem i9ulky
andcomplicated which is not suitable for raahe detection; theignakto-noise ratio (SNRpf the
nanaoorifice-based detecting system is low; losgtrairslocationevents may happen due to the low
aspetratio of the nanarifice; asynmetric sensing gategould give rise to asymmetric RPS signals
andresultin errors in the data analysiBurthermore, dbrication of nanarificesis alsotechnically
challenging for the practical applicationas mentioned aboveAs a consequence, an -ohip

detection system is highly desirable.

1.2 Research objectives

The purpose of this thesis to solve the abowenentioned obstacles and challenges in the
nanofluidic fieldand to provide solutions to the following aspects, fabrication ofcosteffedive
and productivenanofluidic devics;, experimentalstudies ofelectrokinetictransport phenomena in
nanochannejsand applications of nanochan#msed RS techniqueThe objedtves of this thesis

are listed afollows;

1) Develop a simplemethod tocreatenanocrackson polystyrene surfaces with controllable

crackng size and locatiogiby the solventinducedcrackingmethod

2) Duplicate nanocracksonto SU8 photoresist and smoetast polymer bynanoimprint
techniqueto work as nanochanneholds The nanocharel molds are usedor duplicating

disposabld?’DMS nanofluidiaddevices

3) Design and fabricate nanochanbelsed nanofluidic devices by connecting nanochannels to

microchannel systems.

4) An experimental and numericelvestigationof electroosmotic flow in sigle nanochannels.

The arrentslope methodis applied to characteriZz€OF velocity insinglenanochannels.



5) A systematic studypf electrgphoresisof single nanoparticles in single nanochannels by both

experiments and muerical simulations

6) Nanochannebaseddifferential RPS systems developed on PDMS nanofluitliips and a

mathematic model for thenglechannelbased differential RPS method.

7) Systematic investigation of working parameters in the nanochaasetl differential RPS
techniqueincluding sensitiity, resolution, applie@lectricfield, properties obuffer solution

etc.

8) Fabrication ofcarbon nanotube (CNTohannelbased differemal RPS nanofluidichips and

onchip detection of single cationmdividual ssDNAsandmolecules.

1.3 Thesis layout

This thesis is organized into 8 chapters ar@dtiucture of this thesis is shown Figure 1-1,
including one section ofntroduction andone part ofliterature reviewtwo fundamentalresearch
projects,two applicationprojectsand one sectionaboutconclusionsand future work CHAPTER 1
the current chaptegives an overview of this thesis, includirsggeneral background statement of
the problems, motivatian and objectives of this thesisCHAPTER 2 reviews nanochannel
fabrication techniquegeneral electrokinetic transport phenomearaworking principle of theRPS
detection methodn the nanofabricatiosection nandabricationtechnologies from conventional to
uncawentional, from toglown to bottoraup, from metal, silicon to polymerss well asdevice
bonding strategieare comprehensively reviewed the electiokinetic transport phenomersection
classicaltheories ofelectric double layer(EDL), electroosmosislow (EOF), electrophoresis (EP)
and dielectrphoresis (DEP) are introduced. Moreowvegssical models foRPSdetectionsystems

on microfluidic chipsarealsosummarized ilCHAPTER 2

CHAPTER 3demonstratesin experimentalstudy of fabricating nanofluidic chips on PDMS
material. This chapterstarts with a systematic study afeathg nanocrack on polystyrene surfaces
by the solventinducedcracking method. The effects of working parametersuchas solubility of
solvens, heating time, heating temperature and concentratitmesblvent on theanocraclsize are
investigated. A guideline focreatingnanocrack of controllable size is outlinedArtificial defects
marked on the polystyrene surfaaeintroducedto initialize theformationof nanocrack. Single
nanocrackor parallelnanocracksvith controllable spacingan be createlly usingtheseatrtificial

defects Thereafternanocracksare replicated onto polymetsrough two strategielsy nanoimprint



technologyto work asnanochannel molds. PDMS nanochannels are replicated from these channel
molds and bonded to PDMS microchannel systems to form therfaradfluidic devicesOptimal
working parameters tofabricate singlenanahannelbased nanofluidic devices and muki

nanachannelbasedhanofluidicdevicesaresummarized

Ch 1) Introduction
I

Ch 2) Literature Review

Research Approach
|

Ch 3)Design and Fabri¢cemn of PDMSNanofluidic Chips

[
Ch 4) Fundamentdkesearch: EOF in PDMSNanochannels
I
Ch 5) Fundamentdesearch II: K Motion of Single Nanoparticls in Single Nanochannels

[
Ch 6) Application I: NanoparticlBetection on PDM®anofluidic Chipsby RPS Method

I
Ch 7) Application II: Detection dfndividual Cations andssDNA Moleculesby CNT-based RPS

Ch 8) Conclusiosand Future work

Figure 1-1 Layout and structure of the thesis.

CHAPTER 4 studies EOF in PDMShanochanels by bah experiments and numerical
simulations.Electroosmotic flow velocityin single nanochannels is measuredtty current slope
method.Effects of channel size, ionic concentration of &lectrolytesolutiors and applied electric
field upon the EOF velogitare studied systematicallyhe experimental results are compared with
those of the numerical simulatian conducted by COMSOL software, providing better
understanding of EOF iaconfinednanospaceCHAPTER 5investigateslectrokinetic(EK) motion
of single nanoparticles in single nanochannéte average velocity ahe nanoparticles isneasured
by particle tracing methodeffects of particle size, ionic concentrati@amd appliecklectric field on

the velocity ofthesenanoparticles are studied.

CHAPTER 6 describesan experimental study ofdetecting and sizing nanoparticle on
nanochannebaseddifferential RPS nanofluidichips. Amathematic model for the differential RPS

methodis presrned The resolution, sensitivity, argklective applicationsf the nanochannebased
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PDMS nanofluidic clps are irvestigaed. Additionally, the working parametensvolved in the
nanochannebased RPS detecti@ystemsare systematicallyinvestigated to opthize the working
conditions. ICHAPTER 7, a CNT-channelbased RPS nanofluidic chip is developed to detect single
cations and individual ssDNA moleculés.novel method to fabricate CNased nanofluidic chgp

is demonstratedinda mathematicalmodel for multiplechannelbased RPSystemss alsopresented

in this chapter. Finally, major conclusioregntributionsand future directions are summarized and
discussed ICHAPTER 8



CHAPTER 2 Background and Liter ature Review

This chapter providean overview of classical thes in electrokinetic transport phenomena,
conventional and unconventionéchnologis in nanofluidic device fabrication and working
principle of the RPS detection method. The fundamentabwiedge of interfacial electrokinetics
includes electric double lay¢EDL) theory, electroosmotic floWEOF), electrophoresi$EP), and
dielectrophoresi§DEP). Existing conventionahanofabrication methods include lithography, etching
and deposition, anduinconventional meth@dcover nanomateriabssistedapproach sel-assemted
method and deformation of elastomeric materials and sdSealing of device can be achieved by
thermal bonding, anodic bondingnd self-enclosedstrategy On top ofthis, clasical mathematical
models for detecting particles by usingditional RPSsystens are demonstrated@his chaptebuilds

up a fundamental backgrourd this thesis.

2.1 Theory of dectrokinetic transport phenomena
2.1.1Electric double layer (EDL) theory

EDL dominates electrokinetic transpdr¢havioran both microchannels and nanochannélse
surface of most materiad spontaneously acquiedectiostatic chargewhentheycontactwith neutral
electrolyte solutions. There are many mechanisms involved in thatiomthis surface chaggbut
the most common case ¢aused by ionization of the surface groups. A charged surface oepel
ions and attract counterions which results in aet charge distribution near trsolid surface The
chargedistribution near tle surfacecan be described by &DL model Figure2-1 (a)). An EDL
contains two layers: an inwbile layer (also called Stefayer) and a diffuse layavhich is mobile
The dectric potential at the outgraneof the Sternlayer (shear plane) is referred as thmotential,
as shown inFigure 2-1 (b). Zeta potentiais widely used inthe chemistry andnterfacial science
fields. The electric potential distribution and ion distribution in the diffuse layer can be cattbhat

combiningthe Poisson equation aritie Boltzmann distributior:

A ok X
Ty — At an% (2-1)

Equation(2-1) is also called thd?oissorBoltzmann(P-B) equation, Wmereuwj is the electric
potential,- is the dielectric constant of the electrolyte,is the electric permittivity of vacuune,is

the unit chargeQ is the Boltzmann constarit, is the number density of ions in the bsiution



& is thevalence, and is the temperature. For symmesdielectrolyte solutiongl:1, for example)

the RB equation can be rewritten as:

«® .09 (2-2)
—OETgy
Thethickness of th&ternlayer is very thin, usually several angstroms, and the thickness of the
diffuse layer is about tee to five times of the Debykength ( ) which is a function of the

electrolyte concentration.

~ o @3
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As a resultjn a symmetrical electrolyte systgihi1), the Debye length can be simply calculated by

o8t T om (2-4)
o

where M is the molarity of the symmetrical electrolgtdution
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Figure 2-1 Schematic ofa) ion distribution and (b)electric potential distribution inan electric

double layer.
2.1.2Electroosmotic flow (EOF)

Electroosmotic flow describes fluid motion caused by interactions betine&DL adjacent to
a channel surfacand an externaly applied electric fieldAs a solid channel surface contacts with
electrolytes,an EDL will be generated near thehannelsurfaceas mentioned abovéVhen an

external electric field is applied between the entrance and exit of the channel, the netiohtwege



diffuse layer movealong the channel surfackie tothe electrostaticforce. The motion of trse
chargedons in turn,drives the liquid flow in the channddy viscaus force, and the motion of fluids
is calledelectroosmotic flowIn microchannelsthe EDL is negligible because in most cases the
thickness of the EDL is exdmdy small compared with thechannel size. EOF velocity in
microchannels can evaluaéd bythe HelmholtzSmoluchowski{H-S) equation:
RR-— (2-5)

Trks T Tme
where s Jis the externaly applied electridield, — is the zeta potential of the channel wall &nd
the viscosity of thelectrolytesolution In a microchannel, the thickness of EDL is negligible dmed t

EOFvelocity profile inthemicrochannel is pludike, as shown irFigure2-2 (a).
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(a) (b)

Figure 2-2 Schematic of EOF in a microchannel aimda nanochannel. (a) Plutike EOF velocity
profile in a microchannel without overlapf EDL. (b) Paabolic-shaped velocity profile in a

nanochannel with overlapped EDL.

EOF ina nanochannel is differerftom that in a microchannelsometimesdue to thelimited
channel sizeWhen the channel sizgales down and omparable with the thickness of EDL, ED
are likely to overlapandinteract with each othetherefoe, P-B equation(Equation(2-1)) andH-S
theorem(Equation (2-5)) used in microchannels are not applicaateymore®. The fluid velocity
inside the diffuse laysrof a nanochannelamot getfully develogdin comparson with thosein a
microchannel, and the velocity profiis parabolieshaped, as shown iRigure 2-2 (b). For the
extreme case, even the continuum hypothesis cannot survive when the channekxsizamisly
small andcomparable to th&ee pathof the fluid molecules. A comprehensive analytical model of
EOF in nancohannels is presented @GHAPTER 4



2.1.3Electrophoresis(EP) of spherical particles

Electrophoresis describes the motion of charged partisiespendedin fluids under an
externally applied electric field. Electrophoresis has beelely used as an analyticedchniquein
the biochemistry field for molecule separation. In theory, a charged pastisigended in a liquid is
subjected to a Coulomforce when an external electric field is applied. As a consequence, the
particle move in the liquid. The difference between electrophoresis and electroosmosis is: in
electroosmosis, the solid phase is stationary, the finoveswhen an electric field is applied;
however, in electrophoresis, the solid phase (the partikteg)smoving whenan electric field is
applied while the liquid phase is stationargs illustrated irFigure2-3 (a). Geneally speaking, dr a
finite thickness EDL around a charged particle, three factors dhmilconsidered in evaluating
electophoretic motion, i.e. electrophoretic retardation effects due to the existence of EDL and EOF
around the particle, relaxation effects caused by the polarization opatile and surface

conductance effectiue to the presence of surface charge

+ Ve 4um '-_._-_- — 4+ Vg 4um '-_.-_' — -
FEP<:' FEP<:| j

Figure 2-3 Schematic of electrophoretic motion of a spherical particle in (a) a stationary liquid, and

(b) in a microchannel.

Electrophoresis in the limit of large Debye leng =L . Electrophoretic viocity of a
rigid and electrically nortonductingsphericalparticlein a stationaryure dielectridiquid
(containing no free charged iortgn be calculatelly the following equation:
C--~— (2-6)

Tek g Fae
wherer 1is the velocity of the particle and is the zeta pential of the particle surfagéis the
radius of the spherical particle. Equati¢26) i s al s o c asdutiend in thicb khe | 6 s
retardation effect is considered but the relaxation effect isaken into accountlere the velocity is

smaller than that of thEOF velocity inEquation(2-5), because EOF generated in the diffuse layer



outside of the particle surface increadiee friction of the electrophoresis motion of the particle. This

reductionbehavioris also called electrophoretic retardation effects.

Electrophoresis in the limit of small Debye length, | . When a patrticle is large and the
Debye length is small, the thickness of EDL is extremely thin comparedthéthadius of the
particle, and the curvature of the particlen be negligible. Electrophoresis of the particle can be
simplified asmovement offluids respect to a planner surface. Tdlectrophoresis velocity of the
particle can be calculated by
-~ Tme (2-7)
Tek —

Equation(2-7) is alsoreferredto asthe H-S equatiorwhich is similar toEquation(2-5). This
equation is for the extreme case, large partetel extreme thin EDL but differ by a factor of 2/3
from Equation (2-6). Here, H-S equation has to me#dur restrictions and assumption$) usual
hydrodynamic equations for the motion of viscous fluide still applicable in bth inside and
outside of EDL; (ii)laminar flow with low Re number, ¢hinertia term is negligle; (iii) the electric
field in EDL is not affected by the externally apali electric field (fis assumption is not valieif
large zeta potential casesdause the density of counterions in the EDL is so large and the ionic
fluxes due to the externalBpplied elecic field would distort the EDL.For large zeta potential, the
distortion of EDL should be taken into accouniiy) the thickness of the EDL is smailh
comparisorwith the radius of the curvature at any point of the surface

Henry bridged these two extreme cases and developed more general form of the

electrophoretic motion velocity whicbonsides the thickness of the EDL

Silill LR (2:8)
Tel g Q00

Equation(2-8)i s al so cal | ed "®Xeinirsy 6tsh e qH aTihergodnestwafnalc t or
assuptions i n iHe &DLysthat affegeed by tha externally(applied electric fieill, (
low surface zeta potentiak— p. He n r gctrapproaches 1 for thick EDIGGOL p) andgj ¢

forthin EDL (Q&l p).A gener al curve fit ®quation for Henr

~ (0) -
Q0G - L (2:9)
¢ ¢p ® QW

wherew T8t gnddd pP o
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Electrophoresisof a particle in a microchannel However, in a microchannehe particle also
moves with EOFcaused bythe existence otlectrostatic charges on the channel surface Rgpae
2-3 (b)). Therefore, electrokinetic motion of a particle in a microchannel involves both

electroosmosis and elesphoresisandcan be calculatedyb

Fa o e o (2-10)
Tel Trl Tr ks —- Q0o -

From the abovequationone carconclude thathe direction of thé&EK motion of theparticleis

dependentnthe zeta potentialof both the channel wall and theparticle— .

2.1.4Dielectrophoresis(DEP)

Dielectrophoresis describes the motion of dielectric pastiole non-uniform electric field. The
particle can beslectrially neutral or initially ¢varged Electrically polarizable particleare likely to
get charged locallyand subjected taCoulomb force when a noruniform electric fieldis applied.
However, the forceatthe two polarized endsannot be canceled becausehe noruniform applied
electric field. As a result, the partidemove in the noruniform electric field. Accordingto the
direction of the DEP motion, DEP is categorized into positive DEBPHEP) and negative DEP {n
DEP)3.

For a homogeneous splaal particle of raliusa, the DEP force can be calculated by

T (2-12)
ek COYRT—= SF 8

wherer andr’ are the frequency dependent dielectric constafithe spheical particle and the

z z

medium respectively——is the Clausiudvossotti factor which varies with the frequency of the

electric field.

2.2 Nanofluidic device fabrication techniques
2.2.1Lithography methods

Photolithography. Standard photolithographyegerally involvesthe transferof patterns onto
substrate coated withlight-sensitive photoresisthroughphotanasls over large areas amdmoving

of the resistlayers selectively’. A typical photolithograpy system includes four key parts) @

"4bly2é YSIya OKENIOGSNI AT S Ay GKS NIy3IS 2F m yY (2 M7
sub-micron level so that we caregga comprehensive review of fabrication techniques.
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photanaskwith patterrs; (i) a light source (iii) a photoresistand(iv) a developing procedurd=or
traditional photolithographyfirstly, the photoresist is coated onto a substfatewed bya soft bake
proces to vaporize the solventhen, the photoresist layer is exposedhe UV light throughthe
photomaskKollowed by apost bakeprocess tenable a fully crosslinking of the photoresist patterns;
finally, the developing process is employed to removesective parts to create the final designed

patterns. 3D microstructures can be obtained by inclined/rotated lithodtaphy

Theresolution ofthe photolithographymethodis limited by the resolution of thehotomaskand
the wavelengthof the incident light.For example, for365 nmultraviolet UV) light source, the
smallest feature size created by this system can only be abonb2@her patterngan be obtained
by decreasing thevavelength of the lightusing smaller feature ®d masks outilizing maskless

technologiesThe following lithography methods are developed based on these strategies.

DeepUV lithography. UV light has a wavelengthrangingfrom 400nm to 10nm. General light
(UVA) has a wavelength of about 365 nm which has been widely used in coneéntion
photolithography onan SU8 photoresistlayer, for example.DeepUV lights can create finer
structure than that ofUVA light because deep UWas a shorter wavelength (shorter tha@0 nm)
andastronger energy thahat ofUVA light (400nm-315nm). Similarly, extreme ultraviolet (EUV)

% as a special part of de¢p/, is also apowerful candidate fosmaller ather size fabricatiotf. In
1975, a submicrometerlong channel with an aspect ratio (ARj 15 was createdn polymethyl

t 1t

methacrylatebased PMMA-basedl photoresisby deepUV ligh

X-ray lithography. X-rayswith energy in the range of 1@/ to 100KeV havewavekngtts of
0.01nm to 10nm can create smaller feather size than d¢épHowever, he photomask used in
the X-ray lithographyarethe biggest challenger this technique because thkotanasls should be
capable of absorbin¥-rays in order to generate afow patternson the photoresistsubstrate™.
Nanocrystalline diamond filnt?, silicon, boronnitride andsilicon nitrideworking asthe membrane,
and gold ortungsterworking asthe absorber are the most promising materials foayXmasks™.
The X-ray source can be-Kay tubes, plasma sourcasd storage ring¥. Many kinds of materia)
such as PMMA, Thomsorcan be used as therdy phooresiss **** The minimum feature size
fabricated byX-ray lithography wasbout100nm by 2000"'® The smallest feature created by X
ray lithographyby 2013 was sut25 nm, which is comparable the size achievedyEBL *’. Direct

17121

writing of thin film by hard Xray or focused Xay and3D structures such as flyover channels

andgrating can also bachievedby X-ray lithography>*

12



Electron beam lithography (EBL). Electron beam lithographyas a conventional
nanofabricatiortool has beemwidely used in bth the nanoelectronidgeld and the semiconductor
industy 4% E-beamhasa wide range oknergyfrom 1 KeV to 200KeV, with a spot size down to
several nanometers. The resolution of EBldeserminedoy the electron beam spot sias well as
the scatkring range of the electronk principle, a higher e-beam energyevel contributes to a
smaller featuresize and nophotomasks neededMaterials such as PMMA, calixarene, polystyrene
(PS) polycarbonates(PC), polynorborneneand evensilk have been used dsigh-resolution
photaesiss 2#2¢% Electronbeaminduced etching and electreheaminduced oxide deposition
techniques have also been utilized to fabrical rBanofeatured*? The sméest sizeever created
by EBL was2 nm*3, EBL is a timeconsuming and expensive technique; therefore, it is impractical

for largearea nanostructure fabrication. Additionally, proximity effett®*3¢

caused by
backscatteringof electronslimits the resolution to some degree. HowevEBL is still an
irreplaceable toofor unique nanopores and nanochanmnétéch are widely used as masks in NIL,

photolithographyetc

Focused ion beam lithography (FIB)Focused ion beam (FIB)thography is different from
EBL. FIB has a much stronger energy rttelectronbeamandis able to produce higher quality
nanopatterns by directly writing on hard materials without proyireffect As a direct writing
method, FIB is able to write on a variety of materials with various geometries. Both conductive
materias such as aluminum’ and gold® and nonconductive matelsa such as silicori’, silicon
nitride (SiN)*°, polymer*! can beused inFIB lithography Currently, here are four nanofabrication
approaches based on FIB: implanting, milling,-induced deposition and ienduced etchingFIB
implantation usually forms resistance layers for the etching process, for example, high eriergy Ga
has been used to form & protection layer in RIE>. Milling is the mostpopular method to
fabricate nanostructures saobstratedirectly 341445 Nanochannels of Bmwide have been milled
on an insulating substraf®. FIB-induced deposition (FIBID) is used to create ofaatures by
initiating and localizing chemical vapor deposition (CV@®) a specific place, also well known as
FIBCVD. lon-induced etching also referred to chemiassisted ion etching, isppwerfulmethod to
enhance the material removing rateusyng chemical reactiombetween the substrate material and
the etching gad® A comparable technique is the EBandFIB is more excellent than EBL in

nanotechnology, but it is still very expensive, and the scanning speed is extremely low.

Scanning probe lithography (SPL)Scanning proé microscopy techniques, includisganning

tunneling microscopy (STM)atomic force microscopy (AFMand nearfield scanning optical
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microscopy (NSOM), have resoluti®nf nanometer scale. These advanced thaige been widely
used in material science, biologg well as nanofabrication tawlogies In nanofabrication, thee
techniques can beategorizednto two groups: force-assistedSPL and biasassistedSPL, according
to the working principlesBoth methodsutilize the interactios between the substrate surfa@nd
the probe tips. Theubstrate can bemadeof metals*’*® semiconductor®’, conductive polymers’,
etc, and the prolsecan be diamond or silicon with a radius of@Dnm. For forceasssted SPL,
largeforces are applied on the hardstip pattern structures by scratching, polishing or pullhng t
molecules or atoms on the surfade thebiasassistedSPL, strongelectric fields of 16 to 10° V/m
areapplied betwen the probes and the substrateehShuge electric fieklcan lead to electrostatic
attraction, electrochemical deposition, anoalkidation, dielectric breakdowfigld emissionand so
on, and these phenomean beutilized to fabricate nanopatternBip-pen nanolithography (DPN)
is another approacto fabricating nanochannelsy depositing moleculesr nanoparti@s selectively
onto a substraté”>*, An AFM probe tip writes nanopattesonas ub st r at e by tr
material absorbed on the probe tip to substrate and his techniquecan provide patterns with

featuressize smallethan50 nm *°.

SPL is a osteffective tool for nanochannel fabrication with pretjiseontroled resolution as
small as 20 nmPhotanaskswith nanopatternsised inthe soft lithograply methodcan also be
created by SPL. Moreover, various kinds of substrate maeaal be usednithe nanofabrication

processes, making SPa popular method However, SPL is not very productivand it is also

ansf e

challenging to generate reproducible structuhge to the variations of the applied load, the size and

the shape of the tips, and the velp@f scanning. This teclqueis still atan early stage. Possible

damage or deformation of the tips during fabrication makes it hard to work efficiently and constantly.

Interferometric lithography. Interferometric lithography (IL), also referred to asenference

lithography, is a powerful technique for fabricating simple periodiaabmetesized structures over

a large area. IL requires no masking and can be used to develop nanopatterns on various kinds of

6% For the working principle, generally, two or more coherent laser beams spliofirom

substrate
light sourceandinterferewith each otheto generateperiodicallines onthe photoresist layers, just
like conventional photolithography. Theresolution of the patternsis determined by thdight
wavelength,the angle of the interference and the developing procésses as narrow as 40m
sepaated by 57hm have been generated by®fL This method is simple, fast, and free from mask

however, only parallel channels with fixedacingcan be made.
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Nanoimprint lithography (NIL). Nanoimprint lithography is apowerful methodfor high
resolutionnanochannel fabricatiowith high-throughput ad low-cost. Another term for this method
is Ahot e mb oirstBei early pearda beatmgi oeeswas involvedgenerally NIL was
initially developed by Chou et al. ithe 1990s°%°% and this technique has been widely used to
fabricate nanochanneis nanofluidicsystemsThe working principle is giite simple: first, a silicon
mold with micro/nanopatterns is fabricated by EBL, FIB or standard photolithography followed by
an RIE procesqwill bediscusgedlaten. PMMA substratas attachedo the silicon mold andheated
over its glass transition tengraturewith a pressureapplied;as aconsequencehe pattern®n the
silicon moldaretransferred onto the PMMA surface after the removal of the silicon massealed
chip can be obtained byondng the firstPMMA slabonto another piece of PMMAubstate under
the conditions of high temperature and high pres8trAnother methoddevelopedbased on the
nanoimprint lith@raphy is called soft nanoimprint lithography. First, a rigid mold with nanopatterns
is pressed into photoresistcoatedsubstrate. In order teeplicatethe patters onto the photoresist
layer successfully, the substrate is usually headeeinhance th#uidity of the photoresistAfter the
resist is cooled down or weathered a UV exposure process, the resist layer becom@hesolid.

nanopatternsanbe obtainedfterremo\al of the rigid mold.

NIL is able to create nanochannels over a large area wgthrasolution. Channel size smaller
than 10 nm with high AR can be fabricated by NIL. Another advantage of NIL is its compatibility
with other microfabrication methods in terms of forming congiéd micro/nanofluidic devices.
However, the bottleneck of IN is that the molds with nanopatterns can only be created by other
techniquessuch as EBL, IL, FIB, followed by corresponding etching and deposition procesiss

are expensive and tirnsuming.
2.2.2Etching and depositiontechniques

Etching and deposidin are belonging to totally different categories. Etching is adtmwn
approach, while deposition is just opposite, bottggrmethod®®. These techniques are often used in
micro/nanofluidic device fabrication processes, combining with lithography metmadsviewed

above In mostpractical applicationgoth etching and deposition are used.

Etching. Etching is a technique to chemicatly physicaly remove layers from the surface of a
substrate The removed part becomes the channel. During the etching process, masksledetmee
protectthe undesiregbart of the wafer from etching. The masks can be photoresist such-&®1SU

somematerial more durabldor instancesilicon nitride The depth of the channel can be controlled
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by adjusting the etching time and the etchingteaThe etching rate depends dhe etchant
concentration, etchant compositiomaterial of the substrate, temperature, electric field, etc.
According to the mechanismuet etching and dry etching are defineldor the wet etching, wafers

are immersedindat h of etchant, and the AnalDd#fatedit part
etchans can be used according to the wafer material, for example, silicon dicaidbe etched by

the hydrofluoric acid solutionBy contrast, dry etching is also called plasetching or reactive ion

etching (RIE), using plasmar ionsto react with wafers. Generally, the etching process for both wet
etching and dry etching is isotropic. Deep reactive ion etching (DRIdgsgned fodeep channels

(high AR) by minimizing thasotropic proces® ",

Deposition Depositionis a thermodynamic phenomenon, including a phase transition from gas
to solid. I n the nanochannel fabrmnamo menemr icCE
on substrates. The layers can be metal, polymer or carbon nanatheseveral techniques have
been developed to depokigh-quality thin films, such as electrophoretic deposition (EPD), chemical
vapor deposition (CVD)electronc sputtering, ionized physical vapor deposition (IPVD), plasma
deposition, et¢* 8. Thedeposition processan beadjustedby the deposition time anti¢ deposition
rate accordinglyPlenty of nanochannel networks have been produced by etching and deposition
approache$”®’, and generally, etching and deposition are combined in applicatiores@anple of

acombinationof etching and deposition in nanofalaiionis demonstrated as follows

Edge lithography (Sidevall lithography). The edge lithography method developed by Love et

al. %8 has been used to produce nanogaps witlonstant widthin thin films by combing etching
method and deposition method.he fabrication process are as follows. (a) A standard
photolithogaphy process is conducted on a mental deposited substrate surface; (b) After the
developing process, the mental layer is over etched, leaving hollow space under the edge of the
photaesist; (c) Another layer of mental is deposited on the surface phtteresist layeas well as

the substrate surfacéd) After removing the photoresist, the substrate space under the resist edge
appears and (e) etched by the following dry etching process; (f) Finally, the mental layer is femoved

leaving nanochannels ohe substratéseeFigure2-4).
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Figure 2-4 Schematic diagram of edge lithography (sirigiger overetching techniquéy’

Based on this approach, several new methods have been deV8&péthen et al®® presentd
a double thin film over etching method. Continuous patterns withnd@eature size to millimeters
over large areshave been obtained. Vertical arrays of sealed nanochannels with feature size down to
10 nm have been created Bprdan™. Nanogap®f 44 nmwide with a high aspect ratiof 1720on an
aluminum film has been produced* by deep reactive ion etching (DRIESide lithography is also
used to fabriatenana@hannelmold for hot embossing’. Etching and deposition methods are widely
used in the nanofabrication, however, the facilities of the deposition and etching ssystem
complicated and exmsive. Long time of training is also needed before one can use them

professionally.

2.2.3Nanomaterial-assisted nanochannel fabrication

971102

A variety of nanomaterials such as nanowite®®, nanotubs . nanomembrarse'®'%and

93103108 \\ith feature size between 1nm and 100nm have been used to construct

nanofbers
nanofluidic device. Biomateriat also offer new platforms for nanofabrication, for example,
nanopores made of biomoleculesre usedto detect DNA %°. However, fabricatiorof nanopors

will not be reviewed here. We are focusing on the nanochannel fabricationtimetis

Nanowires and naofibers. There are basically two ways to create nanochannels by nanowires
or nanofibers, i.e., hot embossing and sacrificial methéu these methal nanomaterials are

initially deposited onto a substrate surface with a defined location and directisoni®y method,
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such asiearfield electrospinningand so ort®**%* then, theenanowires or nanofibers abarried
into polymers and selectively removed; as a result, the hollow sp@oeme the nanochannels;
finally, a bonding or sealing processajplied to form the final deviee

In the hot embossing method, nanowires with high hardness function as ésrtplaplicate
nanochannels. The first step of this metho idisperse nanowires on a stiff substrate surface. Then,
a polymer slab is coved on the substrate with pressure under a certain temperature for a certain period
of time. Thereafter nanowiresare embossed into the polymer slab. After separation of the nanowires
from the slab, nanopatterns are transfewatd the polymer surfaceFinally, another substrate with

microchannels is bonded to the slab to form the final nanofluidic device

For the sarificial method, nanowires or nanofibers which can be selectively etched are used.
These nanowires or nanofibers are bridged on the top gigiterned microstructures to fition as
sacrificial templatesThen,anuncuredpolymer (PDMS for example)is poured onto the template to
bury these nanowires and nanofibers. Aftergblymeris cured, sacrificial nanowiresre removed

from the substratby an etching procesand ranochanalsare created ithe polymer stamp.

Nanotubes.The most popular nanotahused in nanochannel fabrication is carbon nanotube
(CNT). CNTs are graphic cylindrical tubes withan inner diameterof several nanometers to
hundreds nanometefd Molecularly smooth hydrophobic graphitic walls and high ARs give rise to
unique transport phenonmeof wate and gas?inside CNT membrangrovides a promisingool
for water filtration, water purificationrand gasseparation. Nanofluidic devices made of CNTs have

9799102 |n these

alsobeen developed tstudy transport phenomenébiological moleculegandions
devices,single wall carbon nanotubes (SWCNTse) multiwall carbonnanotubes (MMZNTS) or
other kinds of nanotubes have been directly used as nanochannels by bridging micteéffathe

or assembling them in a thin membraffe

Nanomateriabssisted methods ammsteffective and simple nanomatdels with feature size
down tofew nanometergan be obtaired easly. However, alignmenbf channelsis the biggest
challenge during the fabrication process, because thefsihe nanomaterialis generallytoo small
to be manipulated by mechanical tools.Several techniques, such as randataposition
dielectrophoresis alignment and electrospinning method, have been used to solve the problem of
arrangement, which makes nanomateaisdisted methods more popular in the nanoflgiiitd. But
uncappingand atting of nanotubes and controlling of sacrificial of nanowi® still tricky

problens.
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2.2.4Deformation of dastomeric materials

Elastomers, such as PDMS, have beeately used to fabricate micro/nanofluidic networliine

problemof the elastomers thatthese materialare soft and get collapseasily during thedevice

fabrication process Interestingly the collapsg@roblem hadeen utilized to create nanochannels or

nanoslits recently. In thisection severalkinds of nanochannels created by defdsteaPDMS and
d64,110,114127

other thermoplastiarereviewe

Collapse methodS o f t mater i

collapse which is a major challenge nanochannel fabrication. Zhou et &°?°investigated the

al

S

Wi

t h

l ow Youngos

elastomer collapse mechanism of PDMS stamp, showing that roof coltapeeninatel by the

adhesiorforce between e substrate and the PDMS staniipey also found that electrostatic forces

may give riseto the collapse, whil¢he weight of the stamp has little effect on this procdsgure

2-5 showsthe principle oflnanochannel fabrication liie roof collapsenethod in detailThe middle

mo d u |

part of the suspended channel rgafisto the substrate under an externally applied force, such as

adhesion force, electrostatic force, pressiirie stamp and the substraterefunctionalizedbefore

the collapse, the middle part of the roadwd be bonded to the substrate permanentlye 3jpace at

the corner®f the microchannelsecomesianochannels wheahe spacés narrow enough.

Stamp
it 2w ¥
T [ 1> 2
punch Substrate
Stamp Ty
2a 2w
N4
- { A X[ h
Substrate

Figure 2-5 Schematic diagram of roof collapse for a soft material stamp on sub&ttate

By using this methodhanochannels as small asr@® feature sizereatedoy the roof collapse

method were reported 2. The first step is to fabricate a master with microstructure by

photolithography or mental layer deposition. The master is used to create PDMS stamps. After

bonding PDMSstampsonto the substrate, roof collapse occurs, and nanochannels are obtained at the

cornes of the microchannel There are several factors contributing to the final nanochannel size, i.e.,

the height of the microchanmsel o u nrgodludus of the PDMS (elastomer base/curiagent ratio),
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and the appliegressureNanochannetnolds fabricaed by roof collapsehave also been reported®

This approach consists of three simple steps: firstly, microchannels with submicron height and large
in width areprepared by standard soft lithograptty a PDMS stampsecondly the PDMS stamp is
attachedo a photoresist coated Si substrate veitternallyapdied forceto collapse thehannelroof.

A UV exposure process iappliedto speed up the curing of the photoresist; finapigsitive
nanochannelare generatedt dhe cornersof the microchannels after removal of thBN®S stamp

This technique is simple and caxftective, only soft lithography, roof collapsand standard
photolithography are needed.

Incomplete bonding methad Kim*?®

reported asimple method to fabricatetriangular
nanochannelby utilizing incomplete bonding between PDMS slabs and substrates. The first step is

to create membrane patterns with submicron in height on a substrate surface. The membrane material
can be Nafion, oxid&yer, etc. The following step is to boadlat PDMS stamponto the membrane
attached substrat©ne canimaginethat therewould be an incompletéording partat the edges of

the membrane. The incomplete bonding would result in gaps at the edges @ntheame andthe
triangular gapshouldhavea feature sizef nanoscaldecause the membrane is submicron in height

This method is simple, faahdlow-cost however, it is hard to control the channel size precisely.

Tunable elastomeric nanochanngl Tunable elastomeric nanochannels for separation and
manipulation of DNA molecules and nanoparticee® popularrecently 20129133 As a typical
example,Huh presentedhe details of fabricatingunable nanochanneis his research?’. The
fabrication process involves several steps. The first step is to amateay of orderedvanocracks
by stretching glasmaoxidized PDMS slab, and thesganocracksare replicated onto U¢urable
epoxyto work as channel mold§hen, PDMSstamps with nanochannedse replicatedfrom the
nanahannel moldsby soft lithography methodand bonded onto substrate to form the final
nanochanel chips The size of the nanochannels is adjustethbyorce appliedon the PDMS chips.

Angeli ***

made tunable nanochannels the samestyle, but the only difference is that the
nanochannel mastewerecreated by FIB.

Mills et al. *°

presentedabrication offully tunable and reversible nanochannels withagihg
of mask moldinglnitially, nanocrackshawe also create@ piece of plasma treated thin PDMS film
by stretching Thereafter, the PDMS film isandwiched bywo thick PDMS stampsandone of tlem
with micrometer size networks which connéethe nanobannels after bonding he crosssection

of the nanochannels can be reversibly opened, closed as well as narrowed and widened by adjusting
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the laterally applied tensile straifigure2-6 shows the fabrication processesletail Howe\er, it is

difficult to control the number of cracks on the PDMS films.

b c

Before straining Applied tensile strain

a Bonding

PDMS Film l l i l

Microchannels

; \ Nanochannels

( /\ Strain

Oxidized layer Nanochan5els

Figure 2-6 Fabrication of tunable nanochaels'*.

Thermal-stretching of microchannel Thermoplasticsare becoming increasingly important in
micro/harofluidic device fabricationbecause they are durable and effgctive For example,
PMMA is widdy used innanoimprint lithographyas mentioned abovén NIL method, PMMA is
heated and pressemhto a master to duplicate naisized patternsand thepressure is applied
perpendicular to the PMMA surfac&ivanesan et al*'’ presented a new method to create
nanochannels based on thermal deformation of rigid PC substrateis.\iottk, microchanels with
a crosssectionof tens of micrometers are built énpolycarbonate (PC) platforfiist. Nanochannels
can beobtaired by heating the middle part of tHeC platformover its glass transition temperature
(153 ) and applying a uniaxial uniform tetesito lengthen the microchannel anelduce the cross

sectioral sizeat the same timeéArrays of nanochannels with 4@ critical sizehave been reported

Other strategies based orelastomeric material deformation Another method called
microchannerefilling (MR) was developed by Li et al?® in which mly two stepsare involved
microchanned are embossed onto a PMMA substratehby embossingnethod and nanochannels
arecreated by compressing the substrate undeglatemperature and high pressureo shrink the
size of the miaschannels Nanochannel®f 85 nm in depth andl32 nm in width were created.
Microchannel refilling is a quick, easy and ceffective method to produce nanochannels on
polymessor glass substrage

Femtosecondhseris also used to fabricate nanochanigl$aserinducedthermaldeformation.

Liao et al. 13413

presented a femtosecond dadlirect writing method. Su#fO nm nanochannels
buriedon a high-silicate porous glass substratereachieved The channels are nanometersvidth;
however,the depth of the channeis about 1.5 microns. Grime's® reported anovel approach to
fabricating nanochannels byhrinking thermoplasticsunder higher temperaturdn their work,

microchannels were created apiece ofplasticfilm followed by a heating picess in an oven for a
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certainperiod oftime, as a resujtthechanneimold shunk down by more than 60%, and a new mold
with smaller sizevas obtainedHowever, nanochannel fabrication by using thisthodhas not been
reported.

2.2.50ther unconventionalmethods

Thereare stillmanyunconventional approaches for special types of nanoctsiSwhe hybrid

techniques are alsmmmariedin this section

Wrinkle film. Wrinkling of thin films on an elastomersurface is an effectiveapproach to
creatingnanochanelson large area ', The wrinkles can be developedn PDMS surfaceby
treating strairstretchingPDMS films followed by releasing therain. After plasma treatmerd,thin
layer of stif SiOx isgeneratedn the PDMS slaburface and when the applied strainredeasedthe
stiff skin becomes wrinkle patterraitomatically.Wrinkle channed of 950 nm wide and 233nm
deepcreated by this approacff havebeen reportedThe wrinkling method is simple and practical.
Applicationsof the wrinkle method anthe propertie®f the wrinkledthin film have been reviewed
by Chung"*°.

Seltassembld method A family of unconventional r@d stanealone approaches to fabricate
nanostructure is based selfassemblednethod™****". The concepof selfassembledehavioris
derived fromthe biology field such as the formation of DNA double helix structdfeDuringa selt
assemblegbrocess, subunits such as molecules and small particles spontaneously assemble together,
forming solidandstable structuresThedriven forces of the sedissembled methatiay come from
the naturalsurface functionalities, electrical fagl magnetic field, and local topographeesd so on
The subunits are extremely smail the nanometer scaleonsequentlythe size of thefinal self
assembled structusecan also bedown to nanometescale without defects®™. Selfassembled
techniquds a promising method in nanostructure fabricatitso due to it®utstandig propertieof
seltrepair and selfeplication. Nanowires*, nanotubes** and nanopores* have also been
creded by the selfassembled methodHowever, seassembled technigsere hard to fabricate
nanochannels for microfluidic systems directly. In most cases, some other techniques aesglatll ne
For examplemicrocontact printing {( 6 ) reactive ion etdhg, dip-pen nanolithography (DPNY
have keen applied on selssembled monolayers to fabricate nanostructifigset al.**° developed
tunable PDMS nanochannels by using-8dlidingmold method. A SkB dropkt is dropped on a
HDT/MHDA modified surface with a microchannel, and then, the substrate is titled, allowing the

droplet to slide downward along the hydrophilicmicrochannel. The8 S0lutionis selfassembled
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on the channel surface. After an UV expogu@cessa nanochannel mold is obtained. The height of
the nanochannel can be adjusted by the tilting angle and the width of the channel can be controlled
by the microchannel fabrication process. One problem of this method is that the nanochannels are

low in AR, collapse othannekoofs may happen after bonding.

Crack-based nanochannel fairation. Lithographyfree nanochannel array fabrication on a
polystyrene (PS) petri dish lid surface has been investigated by“XiNanohannelsof tens
millimeters in length were obtainedo generatea nanochannel array oa PS surfacea certain
volume of ethanol is added a petri dishcovered with a petri disld. Then the petri dish iseaed
by a hot plateto evaporate the ethandlhe ethanol vapan the petri diskcontacs with the lid inner
surface directly and interacwith the PS lid free from coffeeng effect.An array of nanochannels
will be created on thenersurface of the e dishlid eventually Nanofluidic device fabricated by
this wayare transparent, repeatable, and free from comfdéxicationprocessesTherefore, it is a

promising method fodeveloping coseffectivenanofluidicdevices.

Crackbased nanochannelbfacation on PDMS surface developed by Zhu ét%i°**has also
beenused in the nanofluidic fieldIn thisapproachaPDMS slab is exposed to oxygen plasma for a
certain time. After exposure, the surface becomes stiff and largely composed of Si@&orfnu
strain is applied to stretch the film; as a result, the stiff skin srafthkming the interspaced
nanachannet. The average crack spacing and crack sae beadjustedby the applied strain,
Y o u nmgadlidusof the PDMSfilm, the thickness of theillin, the oxidation of the PDMS surface,
etc. 1% Nanocrackof 120nm in width and 78m in depth have been report&f®~. This technique
can createnanochannelsn a large area without lithograph¥he proceures and equipment are
simple, andhe channel size is also tunable and repegtableesviewed abovélowever, the number
and locations of theseanocarcksare tdally random.A detailed review of the cracking method is
presented ICHAPTER 3

2.2.6Bonding and sealingof nanofluidic devices

To obtain encapsulated nanochannels,db@nor sealing is a must proced&rious methods
have beermppliedin the bonding and sealing process according to the bulk material of the substrates
and the cover plates. For examgla, silicon-silicon, glassglassandthermoplastiovafers, thermal
fusion method has been widely used; and for some polymersasuebMSand SU-8 photoresist,
plasma'®?*** and UV'®* treatmens areoftenapplied Anodic bonding methois generally applieth

silicon-glass bonding, in whichoth high electric fieldand high temperature are needétf¢¢’
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Occasioally, adhesive layersuch as water glasspin-on-glass benzocyclobutener glue are coated
on the wafesurface to enhance the bonding strert§thChemicals such as hydrofluoric a¢fd*®

are used to bond glagtass chip under high pressaaoom temperaturelhe ®If-erclosed method
is another new strategy fabricateclosednanochannelsn which the channelsre encapsulated

automatically during the fabricatiomqress ‘91"

Thermal bonding. Thermal bonding is commonlysad in seaing silicon-based orthermal
plasticbased micro/nanofluidic deviséy precisely controlling the bonding time, temperature and
pressure. During the fusion bonding or sealing process, both the cover plate and the substrate are
heated to or ovetheir glass transitiomemperaturewhile the externally appliegpressureas usedto
enhance the bonding strengtHowever, the collapse of the cover plate and the substrate is
challengng during the thermal bonding process, especially for nanofluidiccdewith low AR
channelsin addition, a lgher bonding temperature will give riseddigher possibiliy of collapse.

In order to solve this problem, oxygen plasma treatm®nf* and adhesive laysiare utilizedto
lower the bonding temperature. For instarmoegver platecoated with SLB photoresist can be easily
bonded toa substrate with S8 nanopatterndHowever adhesive laysrmay lead toclogging of

channes.

Self-enclosed techniquesThe lf-enclosed techniquis used to fabricate nanofluidic devie
without sophisticated bonding or sealing process. The nanochannels can be closed or sealed
automatically due tdhe self-closing effects. Thaevorking principle of the seltlosed technique is
based on the microchannel refillifiR) method. The first step is to fabricate microchannels on a
substrate followed by cal deposition, oxidation or melting process to decrease the feature size of
the chanels 7%’ In most cases, the speed of deposition, melting or oxidation at the surface of the
substrate is higher than that in tmmer side of the channelalls, therefore the top deposition or
oxidation pillars will join and result in enclosed arhels. Figure 2-7 shows an example of
fabricating selfenclosed nanochansaleported by Xia'”® in which channet smaller than 10 nm
wide on a silicon wafeoveralarge area wreobtained. Selsealed circular nanochannels in gl&és
PDMS ' have also been studiefihe lf-sealing methods simpleand reliableand there are no
leakageproblems in the nanofluidic devices. Nonetheless, the channels are usually not transparent,

which makes it hard to be used in biological experimienighich opticalcharacterization ineecd
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(e)

Figure 2-7 Working pinciple of selfenclosed nanochanrei’® (a) nanostructure fabrication by NIL;
(b) melts the top layer of the structuwg laser pulse; (c) molten top layer flows sideward and joins
the neighboring pillars; (d) enclosed channel formed; (e) thermal oxidation to shrink the channel

Size.

Anodic bonding Anodic bonding, also known as electrostatic bonding or-fskisted bonding,
is widely used inassembling antiondingsilicon-Pyrex nanofluidicdevices In the bonding process,
a silicon waferandan ionic conductive glasktyer are atached together with tiny force applied
Both the silicon andhe glass are placed on a hotplate and heated to the bonding temperature (usually
3005003 ). Under this temperature, ionic glass becomes conductive but without macroscopic
deformation. Thena highvoltage is appliedo this systenwith cathode siden theionic glassside
the mobile cations in the glass move to the cattsidiedue to the @ctricfield; as a result, a cation
depletion layeris generatethetweenthe silicon-glassinterfaces.The silicon wafer and the glass
wafer areforced to intimately contact with each other by the electrostatic ,fietdl a permaneny
bonded device is olained’. Figure 2-8 is a typical experimental sep of anodic boning’®. The
process is cheap, easy amdlable however, lhe problemof this method is that only the conductor
and ionic conductive glass couple can be bonded, for the commonly used gpkumcaras PDMS

and PMMA, are not applicable.
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Figure 2-8 Schematic of anodic bonding witpoint cathode electrod€®.
2.2.7Summary

Table 2-1 comparesthe nandabrication technique mentioned in this reviewsection.
Characteristicef these methodsuch as materigl manufacturingacilities and coss, type and size
of the nanobhannes aresummarizedrFrom the tableve can easilyget the following conclusions:

a. The conventionalphotolithography methods fast and reliable; however, it is difficult to
create channels smaller than 200 nm in width. Conventional photolithography is usually used
in microchannel fabricatiorn a nanofluidic system, microchannels are sometimes essential,
for example for sampling loading and wastiAg. a result, conventional photolithography is

usually combined with other nanofabrication techniques in nanofluidic device development.

b. Deep UV / xray lithography, IL, EBLand FIB are able to fabricate nachannels with
smaller size and higheresolution;however these methods have the demerits of kight,
complicated fabrication facilities antime-consuming etc. On top of thesdL can only
create densely arranged arrays which ao¢ applicablen most nanofluidic system3.hese
method are generally combined witbtching and dispositiortechniques in fabricating

nanochannel motand photomasks

c. SPLis able to generateanopatterngnd nancstructures flexible by direct writing with the
help of hightechmachines such as AFM and TEMut i is not realistic for most labs. NIL
provide a productive method for nanofabrication, however, it is expensive to fabricate the

original masters by EBL, FIBetching and deposition and so on.

d. By contrast, deposition and etching based methods need less running c&lthamd FIB
but the fabrication processes are sophisticated and the resabditicimnnelscreated by
etching andlepositionstrategiess notas excellent as that fabricated by lithography methods.

As mentioned above, etching ami@positionare usually used as auxiliampethods in
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nanofabrication.Edge lithography is an example af combinationof photolithography,

etching anddeposition.

e. Narmomateriat such CNB havea naturalcharactersize in the nanometer scale arah be
used to assemble nanofluidic devices with low cost and pigHbuctivity However, it is
difficult to manipulate the narsized materialsElastomers and thermal plastissch as
PDMS and PMMA are transparentwhich enableoptical observatiorof the fluid systems
during expernents, especiallyin nanetransport phenomenastudies Additionally,
nanochannels fabricated kyeformation of elastomersand thermal plasticare sinple and
costeffective But the quality and repeatabiligre not very gooddue to theuncertaintyand
variability of the elastomer Wrinkling and cracking methods are relatively simghel cost

effective,butonly nanarrayson large areasan becreatedoy these approaches.

It is impossible to find a onéts-all strategy for nanofluidic chip fabricatioManofabrication
techniqueswith fast processes, low costnd simple facilitiesare still in high demad. One of our
goalsin this thesisis to develp an easy, repeatablepsteffective and productivemethod to
fabricate singlenanochannebased nanofluidic devices multi-channelbased nanofluidic devices

on transparerplatforms
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Table2-1 Summaryf nanochannel fabrication methads

Methods Channel Feature size Channel Facilities Running cost | Time Material Mask
type quality needed
(single/arra needed
y)
Conventional Conventional Both >200 nm Medium Photolithographygystem | Medium Medium | Photoresis{SU8 series, AZ series)| Yes
lithography photolithography and silicon or glass substrate
DeepUV/X-ray Both Sub25nm Good Light source and Medium Medium | PMMA, PCMS,CPMS, Thomson | Yesbutspecial
lithography Photolithography system
IL Array >25nm Good Interferometer and Medium Medium | Photoresist and silicon or glass No
etching system substrate
EBL Both >2nm Excellent EBL systemand etching | High Long PMMA, calixarene, PS, methyl No
system methacrylatePC, polynorbornene
FIB Both >10 nm Excellent FIB system High Long Various,usually silicon based No
material of polymers
SPL Both >20nm Excellent AFM, STM or NSOM High but Long Various, such as ITO No
systems lower than
EBL
NIL Array >10nm Good Heating gstem, pressure| Low Medium | Thermaldeformation material Yes
system Photoresists
Etching and Sacrificial layer | Both >20 nm Good Photolithography, etching Medium Long Various,such as aluminum, Yes, bumnot
deposition anddepositionsystems chromium,silicon, PTE, nanosizel
methods nanofibers, AZ1350
Edge lithography | Array About10nm or | Good Photolithography, etching Medium Long Various, usuallsilicon-based Yes, bunot
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larger anddepositionsystems materials nanesized
Oxidation refl Both 50nm or larger | Good Photolithography, Medium Long Submicron channels, usually mad{ Yes, butnot
etching depositionand of silicon nanosize
oxidation systems
Nanomaterial Nanowires and Array 20 nm or larger | Low Electro-spiming system, | Low Medium | Polymers or mental No
nanofibers etching system
Nanotubes Both 2nmto Good Etching,deposition Medium Long CNTs, etc. No
hundreds nm systems
Elastomeric Collapse method | Array 60nm or larger | Medium Photolithographysystem | Medium Short PDMSand silicon substrate Y esbut not
material (triangular) of EBL system nanometer size
deformation
Tuneable Array Tuneable Low Oxidationsystem or Medium Medium | PDMS usually No
elastomeric several nm to etching and deposition
hundreds nm systems
Incomplete Array Sub-micron Low Deposition system or Low Short PDMS, nanemembrane No
bonding (triangular) none
Unconventional | Both Tens nnto Medium Various, teating and Various Short Various, usually PMMA Various
thermal submicron stretchingor compressig
deformation tools, NIL system,
femtosecond laser, etc.
Other methods | Crackbased Array 80nm to Medium Plasmaoxidation systems| Low Long PS PDMS No
hundreds nm or heating tools
Wrinkle film Array About 230 nm Low Plasmaoxidation systems| Low Short PDMS No
and above and heating tools
Selfassemble Various Nanometer Various Various Various Various | Various Various
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2.3 Resistive Rilse SensindRPS)

RPStechniquecoined by W. H Coulter in1953 alsowell-kk nown as @A Co,wast er
initially developed for detecting and sizioglls or particlesvhich suspended in electrolyte solutions.
Nowadays, RP®as beeminiaturizedinto microfluidic and nanofluidic systems and ddy been
used in nanopartie research, bioengineeringnd analytical chemistry fieldsetc. However, the
working principle of the RPS techniquevisry simple.Figure2-9 shows an example ah traditional
RPS detectionsystem.Generally, a RPS detectin system contains a narrogensinggate and a
corresponding current monitoring circuithe sensing gate bridges tweservoirsfilled with an
electrolyte solutionWhen a particle passes through Hemsing gatethe electricalresistance of the
detectingsystemchangesaccordingly,and the current changg recorded i the current monitoring

system as shown ifrigure2-9 (b).

Theamplitudeof the RPS signals depends on bothghsdiclesize and the size of the RPS gate
and thee are severatlassicalmodels relatedHere, we assume that the size of tlme-conducting
spherical particle i82in diameter and theylindrical sensing channel is D in diameter and L in
length. The electrial resistance of the sensing channel fieith the electrolyte solution iassumed
to beY, and the electral resistancechangeof the sensing channdue to passing throughf one
sphericalparticleis ¥2. The amplitude of the RPS signal is determinedtti®yrelative resistance
changeY2¥Y . The electrial resistance of the sensing gate can be calculated by

T 0 (2-12)

Yo

whereA£ is the conductivity of thelectrolytesolution. The relative resistance changéYZY can be

calculated byseveral equations under tbenditionof different particleto-sensor size rats
Infinite Small Particles

For infinite small particles’’, the diameter of the partidés much smaller than the diameter of
the sensing channel and the channeidfigitely long, the relative resistance charmgsbe written by

Maxwellés equation:

Q , e (2-13
—= QL OhAL ,
(ON)}

4l

Small Particles
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In Equation(2-13) the relative resistance changepreportionalto the volume of thearticles.
Whenthe particle size becomes larger (d/D<0.5), the relative resistance change can be expressed by

Debloiequation'’®

YY Q © P 2 (o) (2-14)
Y 00c¢ 5 Qo 0
whereF(x) can be calculated byumericalcurve fitting conducted by SaléR
OO p PR OO PHTH TTAW TP O (2-19)

IntermediateParticles
For intermediatearticles (d/D=0.5~0.8)the relative resistance changgnbewritten as%!8:

Yy Q p (2-16)
Y O0p mqgoO

Large Particles

Forthe large particleases, the size of the particles is comparable to the diameterseinsing
channel (d/D>0.8), the relative resistance chamagde calculatel by

YY O ®i oiQk® Q (2-17)
Y ¥ p g0 O

(a) [y (b) ,
I —
S o L . o
@ ® | o d ID € [y —
@ .. ® Cid

t ta t
Figure 2-9 Schematioof the traditional resistive pulse sensing method. Gmponents ofraRPS

detecton system. (b) An example of RPS event generated due to translocatisinglée particle

RPS techniquehas been developedn microfluidic and nanofluidic systems for detecting
micronsized or nanizedobjects and these&lassicalmodels are applied in th@article detection

However, it should be noted thaha classtal theories do not considesff-axis effects low AR
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sensing channel casebe shapeof particles,and surfaceharge of thearticles etc, which are very
important inthe characterizatiorof nanasized objects by the RPS methdul.this thesis|ow-cost,
disposablenanochannebasedRPS device are developednd theabovementionedfactors will be
studied andliscussed ICHAPTER 6

2.4 Conclusion

This chapter reviews fundamental theories of electrokinetic transpbenomena
nandabrication technologiesand the resistive pulse sensing technique in generaln the
electrokinetic transport phenomena sectiolassicaltheoriesof EDL, EOF, ER and DEP are
introduced, and in the nanofabrication section, conventional and unconvéntr@iods in
nanofluidic device fabrication are summarized comprehensivélgssical models of the RPS
technique aralsoreviewed This chapter providea solid background for the following chapters,
including design and fabrication PDMS nanofluidic deg,fundamentaresearch of electrokinetic
transportphenomenan nanochanrie and applications othe nana@hannelbasedRPS detection
systems These theories, modek and techniques are for general cases as menticalgave;

consguentlyanextendedeviewwill be presented in the introduction section of each chapter.
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CHAPTER 3 Methods: Fabrication of PDMS Nanofluidic Chips

3.1 Introduction

Simple, coseffective, productiveand reliable method®r fabricating nanochannete highly
demanded irthe fields of nano¢chnologyand nanoscienceHowever, as reviewed in secti@?,
conventional nanofabrication techniques such as EBL and FIB are generaligokightime
consuming, while unconventional methods amareliable and less precise Nanccrackassisted
fabrication method provides a new strategy for nanofabricatitioh bridges the gap between the
conventional methods and the unconventional methaltisying easy integration of nanochannels
with microchannel®n various substrates $uas silicon®?%3 pDMS!#1% syg photoresist*1%
Crack-assistednanofabrication techniques takiee advantagesf failure of the abowenentioned
materials andhe size of the cracks is comparable to the resolution of conventional technologies
188187 hut there are still aot of problems by using these cras#sed nanochannels in practical
applications

Fabrication of craclbased nanochannels on polymer surfafmgsnanofluidic systemswvas

coined by Zhuet al 120:160.161

which opes a new door for lowcost and higiproductivity channel
fabrication.For instance, Takayama et #°**°created nanocracks on PDMS films by treating the
PDMS films with oxygen plasm#llowed by stretching. The cracks sandwichextween PDMS
slabs are tunablaisize, lmwever, the sizef the nanocrackis too sensitive to the externally applied
force, which results in a poor reproducibilitanacracking in SiN, films on Silicon wafers by
indentationor selfpropagating has baaeported by Nam et d&f*!% These methods can generate
high AR nanochannels with smooth channel walls, but the channels are not straight and these
methods are not so productivem et al.**®'%combined the conventional photolithography method
with the cracking method and developed a new technique to fabricate nanocracksexpdsed
SU8 photoresist layers. The locations of the nanocracks are controlfettioyndch structures also
fabricated on the SU8 layer. Selfacking is initialized bypostbaking the SUS8 layer and

nanocracks are generatdde to the gradient of cretisking density along the direction normal to

" A similar version of this chapter was published as:

(a) Peng, R.; Li, D. Fabrication of Nanochannels on Polystyrene Surface. Biomicrofluidics 2015, 9 (2), 24117.
http://aip.scitation.org/doi/abs/10.1063/1.4918643

(b) Peng, R.; Li, D. Fabrication of Polydimethylsiloxane (PDMS) Nanofluidic Chips with Controllable Channel Size and
Spacing. Lab Chip 2016, 16, 3§&776.http://pubs.rsc.orgt/content/articlehtml|/2016/Ic/c61c00867d
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the substrate. This technique is productive snable to create nanochanngldarge areas, but the

working procedures amill complicated.

Xu ** developedchana@racks on polystyrene surfacky utilizing the solventinducedmethod
In his work, a certain volume of pure ethanol was placed in a polgstyretridish and covered with
a petridish lid. During the heating process, the ethanol was vaporized and condensed into liquid
form on the petri dish lid inner surface. As a result, the ethanol will swell the lid inner suface
the following releasig of reagent wouldnitiate cracks on the PS surface due ttee natural
properties of PS materialChannel arrays of tens millimeters in lengtlere obtainedlt is a
promising approach for nanochannel fabrication with low cost. However, in their therkprking
parameters and mechanism of the sohmdticed method were notufficiently investigated
furthermore, thanana@hannelobtainedwere in the form of compact arragadthe locations of the
nanocracks and the spacing between the crackw@iéy random.Consequently, it is difficult to
fabricate one single nanochannel and connect such a single nanochannel to microchannels to form a
singlenanochannehanofluidicdevice Singlechannel nanofluidic devicemrethe core requirement
for the fundamert studies of transport phenomena and manipulation of individual targéte in
nanoscale. In addition, in order to obtain accurate, repeatable and durable nanochannel molds,
replication of nanocracks from polystyrene surfaces without changing the craekissistill
challengng. On top of this nanostructures duplicated by using regular PDMS are likely to collapse

after bonding due t o trégelarADM3matéraungdés modul us of

In order to improve theanocrackg method ando create single n@aochannel®r nanochannel
arrayswith controllablesizeand spacinga systematic study ofanofluidic device fabricatiobased
on the nanocrackhg methodis conducted inthis chapter Nanocrack are initially created on
polystyrene surfaceby the solveninducedcracking method. Theeffects of working parameters
including solubility of the solvent,concentratiorof the solvent, heating temperature, heating tome
the crack sizareexamined. Based on the experimental results and the solubility tteeguideline
for fabricathg small nanocracks on PS surfads provided. In addition, the locations of the
nanocracks are wedlontrolled by artificial defectsnarked on the PS surfaceThereafter, thee
nanocracks are duplicated onto SU8 photoresigers or smooth castayers by nanoimprint
technique to work as nanochannel molds. Hard PIIMBDMS) or extra hardPDMS (x-PDMS) are
applied during replication of PDMS nanochannels by soft lithograployderto avoid collapseof

channel roofsafter bonding Stable nanofluidic chips with high reproducibilignd durabilityare
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eventually obtained by bondingasmatreatedPDMS nanochanngwith PDMS microchannslby

usinga homemade alignment system.

3.2Working proceduresand methods
3.2.1Working pr oceduresfor making PDMS nanofluidic chips

Figure 3-1 illustrates the working procedures of fabricating PDMS nanofluidic chips by using
the nanocrackasdmethod.Theworking proceduresanbe divided into fourstages. (i) Creation of
nanocracks om polystyrenesurface bythe solventinducedcrackingmethod(Figure 3-1 (al)(a4))

190 (ii) Nanochannel mokifabrication by NIL method by usir§U8 photoresistRigure3-1 (b1)-(d))

and Smooth cast~{gure 3-1 (c1)}(d)). Nanocracksare duplicatd onto the polymersworking as
nanochannel moldgiii) Replication of bilayer PDMS nanochannels from the nanochannel molds by
soft lithography methodFigure 3-1 (e)-(g)). (iv) Plasmaassisted®DMS nanofluidic chip bonding
(Figure3-1 (h)-(i)). The experimentaldetails are illustrated dsllows.
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Figure 3-1 Working proceduresfor fabricating singlechannelbased or multi-channelbased
nanofluidic chips on PDMS platform@l)i (a4) Workingsteps for making nanocracks: (al) making
microdefecton a polystyrene slab by using an indenter of a mi@aness testing system; (a2)
absorption of thesolvent (a3) swelling of the polystyrene surface and initialization of nanocracks;
(a4) nanocracks on the polystyrene surface.i({iid) Working procedures for making nanochannel
molds byMethod A: (bl) spirtoating of SU8 photoresist on the nanocradk®) expoing the SU8
photoresistlayer to UV light. (c1)~ (c2) Working principle of Method B: (cl)fabrication of
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solidifying smooth cast slab; (c2) nanoimprint by using a pressure gaudéi) (Babrication of
PDMS micrd nanofluidic chip by using the naschannel mold: (d) nanochannel mold after peeling
off; (e) coating of DMS on the nanochannel mold; (f) castwfganother layer of regular PDMS
on the xPDMS; (g) btlayer PDMS nanochannel; (h) fabrication oflayer microchannel system; (i)
PDMS micrd nanofluidic chip after bonding.

3.2.2Fabrication of single nanocracks and nanocrack array$y solventinduced cracking

method

Creaton of nanocrack on polystyrene surfasavith controllable size and spacimgconducted
in two steps. The first step is to madi@mondshapedhrtificial defects on polystyrene surfadqgetri
dish surfaces (VWR) by usinga micro-hardness testing indenter (LEEQVIHT series 200)see
Figure3-1 (al)). The size and location of teedefects are controleby the micrehardness testing
system and hese defects promise the locations of the nanocrddksteafter,nanocracks are
initiated from theedefects by the solverducedcrackingmethod Briefly, apolystyrene slab with
artificial defects is coered ontothe openng of a plastic reservoifl7 mm in height and 19 mm in
diametey filled with chemical reagesssuch as ethanol'he reservoir is placed on atiplate (Torrey
Pines Scientifi®) with precisely controlled heating temperature, as showrFigure 3-1(a2).
Consequently, the chemical reagent vapariaed condenseonto the innersurface of the
polystyrene slab. Ae polystyrene surface abssitihe reagent and sweluntil the reagent is fully
vaporized Figure 3-1(a3)). Afterwards, the ssllen layer shrinls and nanocrackare generats due
to the releasof the absorbed reagent, as showkigure 3-1(a4). Thesizeof the cracks is adjused
by the working parameters uwbén the solveninducedcrackingmethod, such asoncentration and

volume of the reagenheding temperature, heating tinaed so on

To investigatethe mechanismof the solventinduced cracking and the working parameters
mentioned abovefree crackhg on polystyrene surfaces withouatrtificial defects were studied
systematically Chemical reagentsuch aspure water, acetone (99%), toluene (98.5%) and eight
kinds of alcohols, i.e., methanol (99.8%), ethanol (95%)rapanol (99.5%), isopropanol (99.5%),
n-butanol (99%), sebutanol (99%)tert-butanol (99.5%), #pentanol (99%]Fisher Scientifif were
tested The heating temperatureras precisely controlled over a large range from 76 103 , and
the heating timevasfrom 4 hours to 4&ours.Chemical reagentolumefrom 0.5mL to 3 mL was
also tried. All the experiments were conductedhat ambient temperatuabout 23 8Under each
experimental condition, i.eqne certain tempetare, one certain volumepne certain concentration

andonecertain heatindgime, the experiments were repeated for at least three times independently,
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the number and the width of the cracks as well as the successwate recorded. For a given set of
condition, if no cracks appeared in the first eight independent experimewss Helieved that the
success rate is zero; otherwise, more experiments would be conducted until cracks were observed in
three independent experiments. The average crack se®btained by measuring different cracks

for at least five times for each case.
3.2.3Fabrication of nanochannel moldsby nanoimprint lithography

Nanocracks orpolystyrene sdaces are not stahlend the crack size changes with time,
temperature and chemicat\@ronment dueo residual stress in the swoll&yers. Furthermore, it is
alsotime-consuming to repeat the solventluced cracking process. To fix the nanocrack size and to
make reliable nanofluidic chips with high reproducibilitye negative nanocacks are replicated onto
either SU8 photoresigMethod A) or Smooth cas805 (Method B, Sculpture Supply Canaday
NIL techniqueFigure 3-1(b~d) shows the working principles of both metho@nd method with

details

In methal A, SU8 photoresigs spin-coated onto a polystyrene surface with a single nanocrack
or an array of nanocrack at a given speed for a given period of time by a-spater (Brewer
Science Inc. C&e200X) (Figure 3-1(b1)) followed by exposure to UV light for a certain period of
time (Figure 3-1(b2)). A stable SU8 photoresist nanochannel méidure 3-1(d)) is obtained by
peelng off the SU8 layerrbm the polystyrensurface aftr the SU8 layeis crosslinked and strong
enough. Finally, the SU8 photoresist layer is attachieda PMMA substrate to work as the
nanochannel mold, as shownRigure3-2 (Method A).

For methodB, Part A and part B of smootlast 305are mixed together (1@ by weight) and
cast intoa petridish to form a preuring slab. After a precuring time, the rubbdike smooth cast
slab is peeled off from the petri dish and attachtedthe polystyrene nanocrack surfadegire
3-1(cl)). Air bubbles trapped between the two slatessremoved carefully. The twelab systenis
sandwiched by a force measurement system (Model TSF,-Mf)kor a homemade squeezing
systerﬁ*with a given pressure applied for a certperiod oftime (pressurized time), as shown in
Figure3-1(c2). Afterrelea® of the pressure, th@mooth cast slab on the polystyrene surfadeft in
air for a certairperiod oftime until the smooth cas solidified and strong enough for peeling off.

Finally, a nanochannel moldould be obtained by peeling off the smooth cast layer from the

" Details of the smooth cast material cae found:https://www.smooth-on.com/products/smoothcast300/.
" Details about the homenade squeezing systeoan befound inApperdix A.
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nanocrack surfacd-{gure 3-1(d)). Figure3-2 (Method B) illustrateshtte working procedures in detail.
All the nanocracks, nanochannel molds and nanochammgksobserved and characterized tne

optical microscop andthe AFM.

Method B Nanoimprint by Smooth cast

Figure 3-2 Working pracedures for makingnanoctannel molds bysing SU8 photoresigMethod A)

and Smooth cagMethod B) Method A: (a) a drop of liquid photoresist on the nanocracks, (b} spin
coating of SU8 photoresist, (c) exposure to UV light, (d) heating for a while to solidify the
photoresist lagr, (e) peeling off the SU8 photoresist layer, (f) attaching the photoresist layer onto a
PMMA platform. Method B: (g)re-curing Smooth cadiliquid form), (b) rubblelike smooth cast, (c)
attaching the smooth cast layer onto the nanocracks, (d)Smodt8asystem sandwiched by two
PDMS slabs, (e) Nanoimprint by applyirgpressure, (f) peeling off the Smooth cast from the

nanocracks.
3.2.4Duplication of bi-layer PDMS microchannek and nanochannes by soft lithography

PDMS is an excellent material fanaking microfluidic chips and can also be usedreplicate
nanofluidic chipsHowever, nanopatterns withfeathersize smaller than 200m on PDMS material
can hardly survive afteplasmaassistedo ondi ng due to the | ow Young?o:
regular PDMs material™®. To improvethe Y o u n mdildus ofthe regular PDMS and to create
stable nanochannelsvith a size smaller than 50 nniy-PDMS %% or x-PDMS**wi t h  Youngés
modulus as high emround D MPaand80 MPaareemployed.
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H-PDMS is prepared by ming 34g VDT 731wi t h 18¢L S| P683ldor2 and
(SIT7900.0)for 5 minutes followed byddng 1g HMS 301 into the mixtureX-PDMS is composed
of two parts, part A (vinyl functional part) and part&@dsslinkerpart). An initial compound of Part
A is prepared by mixg 10 g linear vinylsiloxanes(VDT 731) with 16 g Q@siloxanes solution
(VQX-221) and heating in an giurged oven at 58 for 24 hours to evaporate the solvent.
Afterwards, the final Part A is obtained by mixing‘2&platinum catalyst (SIP 6831.2L@nd 60 0
moderator (SIT 7900.0) into 1.8 g the mixtufée precuringx-PDMS solutioncan be obtained by
further mixing0.6 g part B (lineassilicon-hydride sloxane, HMS 501) into part AAll the chemicals
used inprepamg the APDMS andhe xPDMSwerepurchased from Gelest Inc.

During the experimentshé pre-curingh-PDMS orx-PDMS solutionwasdegasedin a vacuum
oven (sotem{® 280A) for 12 min and cast ontathe nanochanneinold followed by a30-minute
heating at 78 to solidify theh-PDMS orx-PDMS layer (Figure 3-1(e)). The spircoatedh-PDMS
or x-PDMS layerwas about 30~50 dathick. Another layer ofegular PDMSof about3 mmthick
was cast onto theolidfied rPDMS ofx-PDMS layerfollowedby a second roundf heatng process
at803 for 2 hours (Figure3-1(f)). Finally, the bilayer PDMS nanochannelas peeled off from the
channel moldFigure 3-1(g)). Tips in nanochannel dulplication by usingPIOMS canbe foundin

Appendix FAppendix.
3.2.5Alignment and bonding of nanofluidic chips

The final nanofluidic chipare obtained bgonnectinghe PDMS nanochannelt microchannel
systens. In this chapter we just demonstrate a simpéxampleof fabiicating nanochannebased
nanofluidic devicesThe microchannetystemcontainsa pai r of AUO shape micr
by AutoCAD® softwareand fabricated byhe standird photdithography methodas mentioned in
section2.1.1 Figure3-1( h) s hows an e x adiPDMEmiaothartndl o avoidtke s h ap e
collapseof the nanahannel roof during chip bonding, the microcharsysdtemwas also replicated

by the bilayerstyleas described above.

Plagma functionalization has been widely used to sepblymerbased microfluidic or
nanofluidic chips. XPDMS has similar properties of regular PDMS and can be bonded togt#rer
plasmatreatment Before bonding, channetservois werepunched on the PDM@&icrochannel slab,
and scotch tapaas used to cleadustor debris on the microchannel and nanochannel surfaces.
Afterwards, the PDMS slabsere treatedwith plasma for 30 s (Harrick plasfhaPDG32G) and
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bonded togethely usinga homemade alignment sgsh. For all the processes, no clean rovas

needed.

Figure 3-3 shows the working principle of the alignment syst@avelopedon the stage of an
inverted microscope (Nikon, FTE000). There are two manipulatistages in this sysin, and both of
them can movdreely in the horizontal directionsD (seeFigure 3-3) is a working stage of the
microscope, and A is a manipulation stage with a chip haldsed bya 3-D printer (Dimension,
Elite). The bondingcan be processed in three steps. FAa&tDMS slab with nanochannels is placed
onto stageD with the nanahannels upwardsindthese nanochannels are localizedhe middle of
the microscopeview with the help ofa 40 objective lens The second step i® load thePDMS
microchanneklabinto the chip holder on stage A withe microchannels surface downwards, and
the microtannels are also lolized in the middle of the microscope view by usiad0 objective
lenswhich has a longer focal lengtin the third step, the PDMS nanochannel slab is lifted by a
100 objective lens manually. For the sake of convenience,ther®00 objective lengust works
as a lifting stage for the nanochansklh As the upper surfacef the nanochannelabtouches the
lower surface of the PDMS microchanisédly the PDMS nanochanrsshind PDMS microchannl
are bonded together automatically due to the properties &2MS surfaces after plasma treatment.
To minimize deformation of theDMS slabaglass slideC is attadhedto the PDMSslabto work as

atemporary substratéfter removing the glass slide, a PDMP®MS nanofluidic chip is obtained.

Incident light A: Chip holder fabricated by
A 3-D printer
N J L J L ' ' J B: PDMS slab with

B — F P R — nanochannels
c —_ ] C: Microscope glass slide

/_D_ [ | || I ] D: Object stage of the
D 100x microscope
E ,/—""'7 I - I E: Objective lens

F: Microchannel chip.
Stepl Step2 Step3

Figure 3-3 Schematiof micro-nanochannel bonding by a homeadealignment gstem.
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3.3 Results anddiscussion
3.3.1Nanocrack generation on polystyrene surface
3.3.1.1Mechanismof solventinducedcracking on PS surfaces

Many studies have been done to investigate solnehiced crackg on polymer surfaces®?
197 For instance,Spurr et al.'*® divided the cracking phenomena into threeeps: initiation,
propagationandtermination. Thenitiation step determines the locaisoof the individual cracls,
generally, cracks start at surface defects; propagation depicts the initial growth of the cracks,
combining with stress releasing; amdthe terminationstep,the cracks stop growindgvoreover,
cracking on polymers have to meet three conditiona dilation stress fieldji{ a stress greater than
the critical value, i{i) a driving force for cracks to groi¥®. It is widely accepted that the penetration
of liquid solvents into polystyreneausing a reduction of the glass transition temperatyres Key
to the solventinduced cracking behavid?*. The glass transition temperatafepolystyrene is about
1053 . However,the glass transition temperatuoé polystyrenereducesby tens of degreafter
solventinduced swelling®. Kambou discussed the mechanism of the sokiadticed cracking in
detail 2°°2% Xu et al.’*® arguel that the surface tension releasing on polystyrene surface due to

shrinking proces®llowing by the surface swelling is the twing force for the cracks.

In the experiments conducted in thikapter the formation of nanocracks on polystyrene
surfacecanbe divided into the following steps: Firstly, the liquid reagent is heated into vapor which
will condense and form a thin lighfilm on the surface of the polystyrene lid. Consequently, th
solid polystyrene will absorlthe liquid and form aswollen layer. Secondly, after a long time of
heating, the liquid reageint the reservoirs fully vaporized. The absorbed reagent weleasefrom
the swollen layeand te swollen layestarts shrinkingwhich will increasethe stressn the swollen
layer. When the surface stress larger thama critical value, cracks initiate frondefect spat to
release the surface stress. The longerheating time, the more absorbed reagent will release from
the swollen layer. As a result, the surface stress becomes larger whjan wilin, contributes to a
larger crack size, in both axial and vertical directions. Finally, the swollen layers$iopiking when
the absorbed reagent is completely released, theréhereracks stop growing.

The swelling process determines the thickness of the swollen layer, which affedepthef
the cracks The swollenlayer is usually very thin, about0.1 © 1 &** and thesolventinduced
crackingcan hardlyoccur in the bulk layer. The swelling processastrolled by the rate of uptaig

of the reagent, which depends looth the solubilityof the reagenand the diffusia coefficient. The
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diffusion coefficient is dependent on the temperature, concentration gradient, structure and size of the
reagent moleculesnd so forthFor instance, when the reagent molecule is larger or with more bulky
molecular structure, the diffis coefficient will be smaller, which decreagbe speed of swelling

and resuliin a thinner swollen layer and a smaller size of cracks.

It is found that a good solvent for a specific kind of solid polymer should have a solubility
parameter value clog®e that of the solid polymef®. The solubility parametey o , describes
degree of interactiambetween different materials based on the molecular cohesive energy density, is
widely used to predict the critical strains because there are general correlations betWeen the
difference and the critical straii*'**® Hansen Sol ubility Parameter (F
di ssolves | iked principle, and is applied to g
another solutio””. And the HSP can be divided into three p&tts

LR N B (3-1)

where] is the total solubility parameter refers to the energy from nonpolar dispersion
interactions,] stands for energy from dipole intermcts, | is the energy from interactions
between hydrogen boadA larger difference in solubility parameters betweerithed solvent and
the solid polymer indicates that a larger critical strains is required to initiate the stress ci&cking
larger critical strain means that the cracking process is intensdargedcrackswill be created to

release thenergy if the number of defects is limited.
3.3.1.2Effect of reagents

Figure3-4 compares the width of cracks obtained by exposing the polystyrene surfaces to eight
kinds of alcoholg1 mL and2 mL), for 24 hours at 85 and 9( , respectively. Apparently, from
Figure 3-4 (a) andFigure 3-4 (b) onecan see that the width of crack&reass with the volume as
well as the heating temperature. The effectbezdtingtemperdure andvolume of reagentwill be
discussed irthe later section. Herehe discussion will concentrate on the dependence of cracks on
the different types of alcoholé&s shown inFigure 3-4, cracks created by methanol aregkx than
that made by other alcohols, and the crack size createdrtdyutanol is the smallesEigure 3-5
shows the pictures of the cracks created by heatimd; pure alcohols at 99 for 12 hours. Ford)
methanol, i§) ethanol, §¢) n-propanol, ¢) isopropanol andgj tert-butanol, single crackor crack
arrays were generated and the width of the cracks shdeceeasing tefency from methanol,
ethanol, to rpropanol and finally tosopropanol. However, foe) n-butanol, {) secbutanol andk)

n-pentanol, theracks shar as massive crossing patterns.
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Figure 3-4 Width of the crack$abricated by heating different kinds of alcoholeaf24 hours, &)
heating temperature: T=85, and liquid volumeV=1 mL and 2mL; (b) heating temperature:

T=903 , and liquid volume V=1mL and 2mL.

Figure 3-5 Images of nanocracks on polystyresiwrfaces fabricated by heating eight kinds of
alcohok at 9® for 12 hours, for all the cases, the volume is 2mL. (a) methanol, (b) ethanol, (c) n

propanol, (d) isopropanol, (e}hutanol, (f) sedutanol, (g)tert-butanol, (h) ARpentanol.

Regarding the effects of the molecule size and polar groups of alavhtig critical stress for
solvent cracking on the surface of polystyrene, Naris&{aeported that alcohols witharger
molecular sizes wuld result in larger critial stessin crack initiation on polystyrene surfaces)d
polar groups in the molecules result in an increase of the critical stress as welfishkaved that
the crack initiation energy in the solvaentuced crack on polystyrene is a function of the length of
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n-alcohol molecules chains, and thigeed of crack initiation otine polymersurface is dependent on

the diffusion coefficient of the solvent moleculds larger diffusion coefficient will result in a
smaller activation energievel for a certain crack initiation. Also, Riquet et & proved that
methanol with a smaller molecular size penetrates much faster in polystyrene than ethasql at 40
and the diffusion coefficients are B0 °%n?/s and 0.4810°%n¥/s for these two alcohols,
respectively. Compared with methanol and ethanol, the diffusion coefficient for isopropanol in

polystyrene is much smaller, &20 %cn/s 2.

Table 3-1 Solubility parameters and molecular volume of alcoht1§® %%, The unit of ,1 |

and] is (J/cni)Y?, and the unit of molecular volume is¥mole.

Alcohols i q ) ‘] Molecular volume
methanol 29.7 15.1 12.3 22.3 40.7
ethanol 26.6 15.8 8.8 194 58.5
n-propanol 24.5 16.0 6.8 174 75.2
isopropanol 23.5 15.8 6.1 16.4 76.8
n-butanol 23.1 16.0 5.7 15.8 91.5
secbutanol 22.2 15.8 5.7 14.5 92.0
tertbutanol 21.8 15.2 5.1 14.7 95.7
n-pentanol 21.6 15.9 4.5 13.9 108.6
polystyrene 20.0 17.6 6.0 3.9 -
acetone 19.9 15.5 104 7.0 74.0
toluene 18.2 18.0 1.4 2.0 106.8
water 47.8 15.5 16.0 42.3 18.0

As discussed above, both the solubility parameter and the diffusion coefficient affect the crack
formation. The total solubility parameter has taken the polarity, hydrogen bonds aatsidisp
interactions into account. With respect to the diffusion effect, since the temperature and the
concentration gradiestareidentical for all the cases, only the molecular size should be considered.
The molecular size can be expressed in termsaécular volumeTable 3-1 showsthe Hansen
solubility parameter and the molecular volume of the reagents used in this Bhedgolubility
parameter of polystyrene is 20.0 (JAH. If diffusion coefficient is not taken into ament, water
with a solubility parameter of 47.8 (J/&H is the weakest solvent to polystyrene (the solubility
parameter difference is 27.8 (JAMF), while acetone with a solubility parameter of 19.9 (J)tfis
the strongest solvent for polystyreftae solubility parameter difference is 0.1 (J%ff) in the

swelling process. Acetone and toluemere used to swell polystyrene surface and fabricate
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nanocracks, however, they are too strong and polystyrene can be dissolved in these reagents rapidly.
By contrast, water is too weak, no crack is generated on the polystyrene surface aftesua 48

heating at 93 .

As shownin Table3-1, it is clear that the difference of solubility parameter between polystyrene
and the alcoholdecreases with the increasing molecular volume, i. e., methanol, ethgmopamnol,
isopropanol, fbutanol, sedutano] tertbutanol and fpentanol, from large to small. Interestingly,
from Figure 3-4 one can see that the whdbf cracks are also showing the same decreasing tendency
roughly, except for #pentanol, because the molecule gbentanol is too large, and it is hard for

polystyrene to absorfuchbig molecules to initiate cracks uniformly.

In addition, for the isomrs (alcohols with identical molecular formulas but different molecular
structures), such aspropanol and isopropanol, as well aputanol, sedutanol andertbutanol
groups, the molecular volumes show little effects on the crack formation, the gwmitiness is
mainly dependent on their solubility parameters. For instance, cracks creatgutdpanol is larger
than that created by isopropanol due tol#ingersolubility parameter difference betweepropanol
and polystyrene, 4.5 (J/G)?, compaed with that in the case of isopropanol, 3.5 ()& A larger
solubility parameter difference contribat® a larger critical strain and a larger crack size, and a
smaller difference of solubility parameters makes a smaller critical stain as wedinaallar crack
size. However, when the critical strain is too small, crossing cracking and amorphous dissolved
patternanayappear. For example, the solubility parameters-ofitanol, sedutanol and fpentanol
are too close to that of polystyrene, whiohakes the initiation of cracks easily, and crossing patterns

appear after the swelling process (Bagire3-5).

Therefore, the criteria for selecting a strong cracking reagent irgcl(ila solubility parameter
value close tohat of polystyrene, andi) a small molecular volume, or both. However, when the
reagent is too strong, crossing cracks will be generated. A proper reagent for nanocrack fabrication
should be a chemical which does not swell the polymer greatly; in othreisywthe solvent should
have a considerable solubility parameter valifference from that of the solidoolymer and an
appropriate molecular size. Therefore, considering these two factors, isopropanol is a proper agent to
study the cracking on polystyrersurfaces. In the followingectiors, isopropanol is chosen as the
testing liquid to systematically study the diffusion effects, such as heating temperature, heating time,

concentration, and liquid volume.
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3.3.1.3Effects of alcohol volume and heating time

The vdume of the liquid reagents affects the contacting time between the reagent liquids and
the polystyrene surface directly in the swelling process when the heating temperature is constant. At
a given heating temperature, a largelumeof alcohol takes a layer time to fully vaporize, which
means a longer contacting tinbetweenthe polystyrene surfacendthe alcohol. Consequently, a
larger quantity of reagent moleculeswid diffuse into the polystyrene, arlde swollen layer will be
thicker and the finatrack size will be larger. During the experingrall the reagent liquids were
fully vaporized before inspectionFigure 3-6presents the width of cracksabricated by heating
differentvolumes (from 0.5mL to 3mL) of isopropanbat 8% and 9@ for 12 hours and 24 hours.

The results show that the crack size increases gradually with the volume under a given temperature
and a given heating time. As shown in this figure, under the condition of B=a%l t = 12 hr., the

cracks are about.5° awide when the volume of the liquid alcohol is @k, and the crack width
increases almost linearly with the volume of the alcohol to 1.#Bwhen the volume is 3nL.
Similarly, under the condition of T=99 and t = 12 hr., the width of the cies increases from about

1.05' &to almost 1.3 dawhen the volume increases from Ok to 3mL. Also seen fronFigure

3-6 a higher temperature generates a larger crack size under the same liquid alcohol volume. More

discussio about the temperature effects will be providethalater section.
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Figure 3-6 Volume effects othe crackng size. A certain volume of isopropanol (99.5%), from
0.5mL to 3mL, is heated at a fixed tengtere, 83 and 9@ , for 12 hours and 24 hours.

The heating time is an essential parameter for the seindatedcrackng process, including

swelling, reagent releasing, crack initiation and crackpagation The longer the reaction time, the
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larger stress wilbe generated, which wjlin turn,resulsin a larger crack sizé=igure3-7 shows the
heating time effects on the crack size, under a constant heating tempef&bse and a constant
liquid alcohol volumeof 1 mL. Isopropanokolutions of seven different concentrations ranging from
5% t099.%% were tested. From tHigure, one can see that the width of the cracks increaseghveth
heatingtime for all the concentrationslowever, it takes longdime for the cracks to initiatwhen

the concentration becomes lower. Specifically, only about 4 hours are needed for theS€aS% of
concentration to initiate cracks. By contrast, in the cases of 10% and 15% concentrations, the cracks
appear generally after 12 hours of heating. Mueg, it is obvious that the increase of crack width
becomes slower after 2dburs,and the crack size is likely to level off after heating forhd®irs,
becauseof full releag of theabsorbed isopropanol moleculfem the swollen layerFigure 3-8
presentshe crack initiation process detail From the picturs, onecannot see any craglkon the
polystyrene surfacat 4 hourshowever after another two hours, a crack grows on a defect spot and

becomes longer in half an hour.
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Figure 3-7 Increasein crack size with time. For all the cases, the heating temperaturesif}dg

heating time is from 4 hours to 48 hours and the volume of isopropanol solutiomd.is 1
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Figure 3-8 Initiation of ananocrackon a polystyrene surfacé he working condition is heatingriiL

50% isopropanol solution at 95.
3.3.1.4Concentration effects and the role of water

Isopropanol solutions with different comteations from 5% to 99.5% were used to study the
concentration effects otme formation of nanocrack Figure 3-7 also shows the dependence of the
width of the cracks on the concentration of isopropanol solutions. It is cleaththarack size
increases with the concentration. Figure 3-7, the smallest crack size obtained is about' 0&¢
under the condition of heatingmL 10% isopropanol solution at ®5for 12 hoursin addition, there
areno cracks when the concentration is very low, for example, lower than 10%. This is because no
insufficient penetration ofsopropanol moleculesiio the polystyrene surface, and the swollen layer

is too thin to initiate cracks.

As discussed above, the solubility parameter of water is 47.8%3fcwhich is far from the
solubility parameter of polystyrene, 20 (JAH3, one can conclude thaiater is a weak reagent for
the initiation of cracking on polystyrene. For example, polystyrene surfaces were exposed to 3
pure water at 8 for 48 hours. However, there were no cradksthe polystyrene surfaces.
Therefore pnecanconcludethat water is too weak to swell polystyrene &muhitiate thenanocracks
However, for watemlcohol mixtures, water plays an important role in thentton of small cracks
on polystyrene surfacedc cor di ng to Fickds | aw, aintheowmaterr conc
film decrease the concentration gradient in the ligtgdlid boundary, which slosvdown the
diffusion process. As a consequence, gnantity of isopropanol penetrated into the swollen layer
will be smaller, leading to a thinner swollen layer and a smaller crack&ieewater film on the
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polystyrene surface acédsa A b u f f e andredgcéthd cangemtration gradiergiving rise toa

smoothreleasing process
3.3.1.5Temperature effects

As discussedibove the temperature is a key factor in the process of crack formdiamn.
example a lower temperature means a lower diffusion coeffici€igure 3-9 shows tle temperature
effects on the crack size. IRigure 3-9, the temperature ranges from ¥0to 1053 , and the
concentration otheisopropanol solutions is from 10% to 99.5%. For all the cases, the heating time
is 24 hours and the volume isrdL. It is clear that the width of the cracks ieases with the
temperatureHowever,no crack appearat all when the temperature is lower than37Qandcross

cracking appearshen the temperature is higher than 205
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Figure 3-9 Temperature effects on crack size. The temperatanges from703 t010% , and the
concentration of the isopropanol solutioissfrom 10% to 99.5%; the heating time is 24 hours and

the volume is 2nL.

It should be noted that nanocracks may betgeneratedni every experimentbecause the
formation of nanocrack depends largelpn the existence of defects on the surface. It is hard to
initiate cracks when there are no defects on the polystyrene surface even though the stress is large.
According to tke statistics of the experimenn this study, generally, the success rate ofnfag

cracks increases with temperatae well asvolume and concentration of alcohol solutions. For
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example, for the cases ofmilL, 2 mL and24-hour heatingime, when the temperature is lower than

753 , the success rate of forming cracks is very lonp(v R and small cracks can only be obtained

by chance. However, when the temperature is higher thar 1@Bossing cracks arebtaired.

Forg m3 “Y p mm,3the success rate of forming cracks is generally higher than 50%, even
approaches 100% when the concertratf alcohol is higher than 15%. It is also velifficult to

initiate cracls when the concentration of alcohol is too low. For instance, essentially no cracks
appear when the concentration is lower than 5%. However, the success rate at low conceartration
still be enhanced by increasing the volume of alcohol solutions or increasing the heating temperature,
or both.

3.3.1.6Number of nanocracks

Total number of thenanaracks formed in theeactionwindow was recordeth this section.
Figure3-10 shows the number otracks created by heatingiL and 2mL isopropanol solutions at
various temperatures for 24 hours. Fréigure 3-10 (a) andFigure 3-10 (b), one can see that the
number ofthe cracks increases rapidly with the concentration when the concentration value is lower
than 70%. However, when the concentration is higher than 70%, the number of cracks decreases.
Moreover, when the concentration is lower than 15%, the number ofsasagknerally smaller than
5, andthe distance between the cracks is generally larger thah 80@ven 1mmywhich islarge
enough for making singlenanochannel nanofluidic devices. However, the locations of the
nanocracks are still random. Localizatioihthe nanocracks on polystyrene surfaisssomonstrated

in thefollowing sections.
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Figure 3-10 Number of nanocracks. The temperatures ares 7353 hp 18 853 h903 , 953 ,
1003 hand 1058 , and the cocentration of the isopropanol solutions are from 10% to 99.5%; the

heating time is 24 hours; the volumes are (a)lland (b) 2nL, respectively.
3.3.1.7Fabrication of smaller nanocracks

As mentioned above, small nanochannels are essential to the nanofesdarch field.
Enlightened by the results of the systematic studies described above and particularly the results
shown inFigure 3-4, tert-butanol was selected to create smaller nanocracks on polystyrene surfaces,
because the sdbility parameter oftertbutanol (21.8 (J/c*?) is closer to that of polystyrene
(20(J/cm)¥?) than the solubility parameter of isopropanol (23.5(3f¥f (seeTable 3-1), and the
molecular size ofertbutanol is not too lge. The next step was to find an appropriate condition of
crack formation. First, iInL 75%, 50%, 25% and 15%rt-butanol solutions were chosen to generate
nanocracks. These solutions were heated & ®& 24 hours then the width of the cracks was
measuredapproximately 0.63 & 0.37° aand0.3L‘ @ respectively. For the case of 15% tert
butanolsolution, no crack washtained In order to createracks of smaller size, a lower temperature
wasapplied. In theexperiments, 1 mL 20% tebutanol solution was heated at 80for 8 hoursto
createsmaller nanocracks. For examplegure 3-11 shows a3-D AFM image of a nanocrack
generated on a PS surface bingghe abonvanentioned working parametessda crosssection of

this nan@rackabout64 nmwide andl7 nm deep
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Figure 3-11 An example osmall nanocrack generated on a polystyrene surfaeasured byAFM
anda crosssection othis nanocrack 063.72nm wideand17.40nm dee. The nanarackis created

by heating InL 20%tert-butanol solution at 88 for 8 hours
3.3.2Controlling the locations of nanocracks

As mentioned aboveplventinduced crack always start fromdefects, such as sipadents,

flaws andmolecular inhomogened@s These defects are working e stress nucleation sitdaring
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crackirg. Therefore the idea of this section is to uadificial defects to initialize nanocracksSigure

3-12 shows examples of polystyrene surfaces beforeaftiednanocrack generation by the solvent
inducedcrackingmethod withoutartificial defects Figure 3-12 (al-a2)), with one artificial defect
(Figure 3-12 (b1-b2)) as well as with multiple artificial defectBigure 3-12 (c1-c2)). It is obvious

that he locations of the nanocracks generated on the polystyrene surface without artificial defects are
random Figure3-12 (a2)), and the artificial defectan control the locations of the single nanocrack

and the nanocrack array pigely, as shown ifrigure3-12 (b2) and (c2).

Figure 3-12 Examples of polystyrene surfaces before and after nanocrack generation under the same
working condition of the solveimtduced method(al-a2) without artificial defects, (bb2) with one

single artificial defect and (ct2) with multipleartificial defects.
3.3.2.1Effects of defect size on the number of nanocracks

To study the defect size effects on the creation of nanocra¢ksedt forces ranging from 10
gF to 1000gF were applied on the indenter to create defects on polystyrene surfaces. For each
polystyrene sample surface, only one defect was created; and for each force value, 7 independent
samples were prepared. For alétbases, the solvemduced working parameters were the same
heating 1 mL 90% ethanol at®0for 24h.Figure3-13 (a) andFigure3-13 (b) summarizehe size of
the defects and the total numbemnahocecks recordedduringthe experiments.
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Figure 3-13 Defect size effects on the number of nanocraejsTlie size of the defedtxrease
with the applied force on the indentet) (The total number of cr&s generated othe 7 defects
increases with the applied force on the indentey;Hxamples of nanocraskreatdon polystyrene
surfaces induced by defects made by different $orce

Figure3-13 (a) shows that the size of thefects increases with the applied force, frabout
20‘ afor the 10 gFcaseto about 210 dafor the 1000 gFFigure 3-13 (b) depicts that the total
number of nanocracks generated orséfdefects also increases with the magae of the applied
forceroughly. Examples of nanocracks generated on these defects created by different applied forces
are demonstraten Figure 3-13 (c). For instance, only 4 single nanocracks were generated among
the 7sample inthe 10 gF cases, and 6 single nanocracks were obiaittesl 7 samplesf the 25 gF
cases. By contrast, for other cases with larger defec, steere than on@anocrackwas likely to

appear oreachdefect contributing to larger total crack numbeFor the extreme case, 1000 gF,
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every defect induced 4~9 nanocracks. Fiéigure 3-13 one can conclude that larger defect size
makes the creation of nanocracks easier; however, more than one nanocrack may be generated on
large defect due tdhe intensestress concentration near the defect. On the other hamgysmaller

artificial defects beneftcresion of single nanocracks
3.3.2.2Effects of defect size on the size of nanocracks

The sizeof singlenanocracksgenerated on defexcimade by forces ranging from §6 to 500
gF and under thsameworking conditionby heating 1 mL 90% ethanol at 80 for 24 hourswas
measured. To obtain average crack size reliably, all the measurement locations are far away from the
defects. Theesuls show that both the width and the depth of the cracks increase with the heating
time in the first 12 hours, and the size of the craski&ely to level off after 12 hours. For example,
for the 10gF cases, the crack size is about 75 nm wide and 11 emate4 hours; and after another
4-hourheating, the crack size increases to about 110 nm wide and 13 nm deep; these values reach
126 nm wide and 27 nm deep at 12 hours. Howeasthe heating time is as long as 24 hours, the
cracksize shows little chamgabout 138 nm wide and 26 nm deEgure3-14 (a) shows the size of
single nanocracks induced by single defects created with a heating time of 24 howtsvitiusthat
all the cracks have an essentially gwmilar averagesize, about 140 nm wide and 28 nm ddé|s
obvious thathe size of the defects has little effect on the average sizdyotleveloped nanocracks;

the defects only dominate the initiation of cracking.

However, artificial defects may affect the siZecoacks at positions close to the defecEor
example the nanocrack siz&#asmeasured dbur points separated by 5 alonga nanocrack near
a defect made by a force 200 gF, as show in Figure3-14 (b). The crack sizeare338 nmin width
and 68.8 nnin depthat the tip of the defect (point A), and 230 nm wide and 34.5 nm deep at point B,
respectively. These values are much larger than the average crack size, 140 wide and 28 nm deep,
measuredvhere sufficiently far away fron the defect. However, these values decrease to 135 nm
wide and 39.4 nm deep at point C, and 147 nm wide and 34 nm deep at point D, close to the average
size of the cracksAs a consquencayrtificial defects do affect the size of the induced nanocracks a
positions close to thdefects however, this effect becomes negligible at powtsch arefar away

from the defects.

55



200
(@

’§140 i \{\;\_,/}/’i

£ 100

]

% 80 “« Width

© 60 - * Depth

(@]

©

[0)) 40 ‘

N I

@ §op e~
20 < - 1

10 25 50 100 200 300 500
Force applied on the indenter (gF)

Figure 3-14 Defect size Effects on the size of the nanocrgejsSize of nanocracksduced by
different size of defects under the same working condition. The force applied on the indenter is
ranging from 10gF to 500gF. (b) Crack size along a single nanocrack near a deteeatedby

200gF. A is located at the tip of the defect andBA,C, D are separated by distance ofabout
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3.3.2.3Smaller single nanocrackabrication

Single nanocracks with smaller size can be generated by using artificial defects according to the
guideline mentioned abové®. Figure 3-15 showns one ofsmallersingle nanocracks generated on
polystyrene surfaces by heating 0.8 mL 100% ethanol=ztfé®5.5 hours. The artificial defect was
marked by 10gFFigure 3-15 (a) is a 3D view of the nanocrack akigure 3-15 (b) is the cross
section of this nanocrack of about 80 wide and 16 nndeep as measured lijie AFM.
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Figure 3-15 Nanocrack of 80 x® nm wide and 16 v nm deepgeneratedbn a polydyrene surface
by heating B mL 100% ethanol at 7 for 5.5 hours. § A 3D image andlf) a crosssection
profile of the nanocrack measured the AFM.

3.3.3Fabrication of nanochannelmolds by Method A: NIL by SU8 photoresist
3.3.3.1Effects of photoresist typésolvent content)

Six kinds ofphotoresist§SU8 2000 seées) were used to replicate nanocracks from polystyrene
surfaces. The nanocracks ateabout 90 nm wide and 30 nm deep (Begure3-16 (d)), fabricated
by the same working condition§able 3-2 showsthe properties of the photoresists and the working
parameters during the replication. The thickness of the photoresist layers asthrttardUV
exposure dose are obtained according taltitasheeof the SU8 2008eries photoresists?, andthe
spin-coating timefor all the casesvas 60s. The average surface roughness of the cracks and the
nanochannel mold were measured by the AFM. For all the cases, the roughness values and the

channel mold sizes were measured for at leastéstunder the same working conditions.

Figure3-16 (a) shows the roughness of both the polystyremtacesandthe SU8 nanochannel
mold surfaces after replication according to the working parametdrabile 3-2. From Figure 3-16
() one can see that the surface roughness of botipdlystyrenesurfaces and thehotoresis
channel molds increases with the concentratiorsdbfentsin the photoresist For example, the
roughnes of the original polystyrenesurfae is about 2.5 nm, and this valuecreases to
approximately 5 nm in the case of SU8 2150r SU8 2025 with the highest concentration of
solvents, the surface roughness reaches approximataly 2Bhotoresist with higher concentration
of sdventsneeda longer time to evaporate after coatirand the solventsswell the polystyrene

surface, which in turn results @ahigher level of surface roughness.

Table3-2 Working paametersin nanochannel replication bysing 6 kinds c5U8 photoresist**>

Type of % Solvents Viscosity Density Coating speed Thickness UV dose

sus (cst) (g/mL) (rpm) i) (mJ/cnd)
2025 31.45 4500 1.219 1200 70 200
2035 30.05 7000 1.227 1200 100 230
2050 28.35 12900 1.233 1200 150 260
2075 26.55 22000 1.236 1200 200 330
2100 25.00 45000 1.237 1500 200 330
2150 23.25 80000 1.238 3000 200 330

" More information about SU8 photoresisanbe found:http://www.microchem.com/ProdSU82000.htm
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Figure 3-16 Nanochannel mold replication by usiBgkinds of SU8 photoresist(a) Roughness of
SU8 nanochannel mold surfaces and polystyrene (PS) crack surfaces after replidatMficlth of
SU8 nanochannel molds andnacracks after replication; ) Height of SU8 nanochannel molds and
depth of nanocracks on polystyresearfaces after replication; ¢) 3D image ofan original
nanocrack of 90 nm wide and 30 nm deep.

Figure 3-16 (b) and Figure 3-16 (c) show the size of the nanocracks and the replicated SU8
channelmolds after theeplication process. It is obvious that the width of thenocadks and the
SU8 nanochannel moldscreasewith the solveniconcentréion, from about 200hm in the case of
SU8 2150 to almost ‘1 ain the case of SU8 2025. The depth of the nanocracks and the height of the
nanochannetolds also increase with tlencentatiorof sovens. As mentioned above, the solvents
in the photoresist would swell the polystyrene surface again and furthesedhee residual stress in

the swollen layerAs a result in order to replicate nanochannemolds from thenanaracks on
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polystyrene surfaces with smaller size change aradsmaller surface roughness, SU8 2150 is the

optimal choice.
3.3.3.2Effects of spincoating time

The solvents in the SU8 photoresists affect not only the size ofatm@channel molds but also
the uniformity of the nanochannel mold&.photoresiswith a lower viscositycontributes to a better
fluidity and makes the filling of the photoresisito nanocracks easier. For the reason discussed
above, to replicate nanocracks with a smaller simnge SU8 2150 witha lower concentratiorof
solvents is essential. However, the viscosity of SU8 2150 photoiesiggh, it is difficult for SU8
2150to flow into the nanocracks in a short time; as a result, one has to cinatfitling time of the
SU82150photoresiseffectively.

(a) (b)

Figure 3-17 3D AFM image of nanochannel moldeeplicated by using SU&150 witha spin
coatingtimeof (@) 60s and(b) 120 s.

Nanochannel moldeeplicatedby using SU8 2150 with different spaoating time (the samples
are exposed to UV light immediately after the spaating time) from 30 s to 120 s were examined
by usingthe AFM. The results show thatanochannels replicatéxy a short spirtoating time are not
consistent, i.e., theizeand the shape of suctchannelvary along the length directiasf the channel
On the contrarynanochannelmade by a longer spicoaing time areuniformin the length direction
For instanceFigure 3-17 (a) shows a nanochannel mold replicated by 60s-spating time. It is
obvious that the channel mold hazigzagshape profile along the length directiodue tothe
failure of filling SU8 materialinto the nanocrack. By contrast, the quality of nanochannel mold
replicated by 120 s spicoating time is much bettdsecause SU8 213tas enough time to flow into
the nanocrack within such lang period of time as shown inFigure 3-17 (b). To replicatehigh-

guality nanochannels witlsmaller sizechange one has to balance the sgmating time and the
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concentration of solvents the SU8 photoresisiAfter extensive experimental investipns, a spin

coating time of 120s isecomnendedwhenSU8 2150 photoresis applied.
3.3.3.3Effects of UV exposure dose

UV light is applied tocrosslink SU8 photoresist layers atalmake the nanochannelmolds
stable In this part, SU8 2150 was used to stthiy effects of UV exposure dose on the nanochannel
mold replication. The thickness of the photoresist layers and the spinning coating time were about
2001 and 120 s, respectively. UV exposure dose ranfiogn 300mJ/cm to 2700mJcn? was
studied For a200t 1 thick photoresist layer, the standard exposure dose is arounth386¢°
according to the SU8 photoresist marfjal

The results show that for the underexposure céassstifan B0 mJcn?), the photoresist layers
are na fully crosslinked, and the photoresist layers are soft and sticky, one has to waévienal
minutes before the photoresist molds are strong enough for peeling off. Therefore, the final channel
mold surfaces are rough and the channel mold sizes aye thue to further swelling of the
polystyrene surfacesv({th nanocracks)Figure3-18 (a) is an example adhe underexposure case (300
mJcn?) where the mold was peeled off too early. It is clear thah#m®channebreaks anddaves
some parts in the nanocrack during the peeling off proéegsre 3-18 (b) shows a nanochannel
mold replicated also under the condition of underexposure 8ht) with a longer peeling off
time, the channel mold is intadut the channel size is much lar¢gue to the further swelling of the
nanocrack)In contrast, an overexposuoé UV dose (larger than 12mJcny) is able tominimize
the swelling problem. Howevegn overexposurdJV energylevel gives rise toover aosslinked
photoresistayers. As a resulthe channel molklbecomebrittle and very easy to break duritige
peeling offprocess Figure 3-18 (c) showsan example of nanochannel moldeplicated onSU8
2150 photoresist layerith an overexposure UV energy of 2700 mJ/diris obvious that some parts
of the SU8 nanochanneh this caseare broken Under the condition o proper UV dose, the
channel mold is strong and intact, as showRigure3-17 (b). Based on the extensive experimental
studies,we found thato make durable and intact nanochannel molds of 2Dick by usingSU8

2150 photoresisg proper gposure UV dosshould be around 800 mJ/gém
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Figure 3-18 AFM images ohanochannel moldsaj A broken SU8 molduring peeling off due to
underexposur@f UV light and insufficient evaporation timda) (An exampleof nanochannemold
replicated by SU8 2150 with an underexposure energy ofm3®6m; () A nanochannelmold
replicatedby SU8 2150 photoresist with an overexposure UV energy of 27009nJ/cm

3.3.3.4Thicknessof the photoresist layer

The thickness of SU8 photoresist layers also affects the size and the quality of the replicated
nanochannel molds. To examine tiféstor, a series of photoresist layers from{80to 650t i
obtained by sphtoating SU8 2150 at differespin coatingspeed ranging from 1000 rpm to 8000
rom for 120 secondsvere used toreplicate nanochannelmolds. T minimize the time of

solidification, all the samples were overexposedtblight for 40 s (1200mJcnr).

Figure3-19 (a) compares the size of nanochasmeplicated with different thicknesses of SU8
photoresist layerslhe original nanocracks were fabricated under the same conditivan average
size 0f15.6 nm in width and 47.7 nm in deptigure 3-19 (a) shows the channel mold size after
duplication as a funatin of the spircoating speed-rom Figure 3-19 (a), one can see that both the
width and theheight of the nanochannel molds decrease Wwitheasingspin-coating speed. For
example, when the spitpating speed is 1000 rpm, the thickness of3bi@ layer is about 650
and the corresponding channel size is aB@08 nm in width and 2388 nm iright When the spin
coating speed increases to 8000 rpm, the thickness of the SU8 layer is only apbuar@D the
channel size iapproximately541 nm in width and 134 nm in heighthich is mub smaller than that
of the 1000rpm case. The channeilold size decreases with the thicknessh&SU8 layer because,
on one hand, a thicker SU8 lay®ould generate more heat during the crbisking process, which
will reheat the nanocrack and trigger a larger crack siaehe other hand, a thicker layer 08
photoresistcontains more solvents, maf the time of evaporation longeconsequently the
solvens would further swell the polystyrene surface derddto a larger crack sizé=igure 3-19 (b)

shows 3D images of the nanochah molds replicated under different smioating speeds. It is
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obvious that the size of the charmmdecreasesvith the increasing spinoating speedn addition,
the uniformityof the channel molds improves with the spoating speed. Consequently, U8
2150 photoresist, the higher the spmating speed the higher the nanochannel mold quality.

(a) 3000 mm Width of cracks or channel molds
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Figure 3-19 (a) Size of nanochanreteplicated fromnanocracks with an average size of 215.6 nm
in width and 47.4 nm in depth for differentispcoatingspeed ranging from 1000 rpm to 8000 rpm.
(b) 3D images of nanochanmseleplicated at differenspin-coating speeds, 1000 rpm, 1500 rpm,
2000 rpm, 3000 rpm, 5000 rpm and 8000 rpm, and the corresponding clsareshre 2208 2388
nm, 1860 1692 nm, 1320 1331 nm, 802 173 nm, 562 164nm and 541 134 nm, respectively.

3.3.4Fabrication of nanochannelmolds by MethodB: NIL by Smoothcast
3.3.4.1 Effects ofthe type osmooth cast

Three kinds obmooth casiaterials i.e, smooth cast 300, smooth cast 305 and TASK 4 were
used to replicate nanocracks. Smooth cast 300 can cure in 10 minutes at room temperature and
generate a large amount of heahich increass the size of the nanocracks significantlyt is also

hard to catrol the replication process precisely due to the fast curing process. TASK 4 has a higher
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concentration of solvents and a lower viscqatydTASK 4 can replicate the finest desihowever,
the high concentration of solvents will further swhk poystyrene surfaces amhlargethe unstable
cracks. Compared with Smooth cast 300 and TASEMQothcast 305 has a moderate curing time

and moderate solvent contents and is suitable for nanocrack replication.

To improve the fidelity of the nanoimprint tetique by using Smooth ca3d5 one needs to
handle at least four parametefr$e first one is thpre-curing time which denotes thperiod oftime
from the mixing of part A and part 8 smooth cast 305 tie start othe nanocrack imprintAfter
the pe-curing time, the rubbeilike smooth cast layer is attached tgoalystyrenesurfacewith
nanocrack The applied pressure and the pressurized tamee critical parametersluring the
nanoimprint The last parameter is the peeling off time, which isitne from the moment of mixing
of part A and part B ofhe smooth casto the moment of pding off of the smooth cast layer from

the polystyrene surfacPeeling off time dominates integrity oBnahanneimolds.
3.3.4.2Pre-curing time

Pre-curing time affects e nanoimprint process in three aspects. Firstly;cprang time
determines the diidity of the smooth cast layeiThe longer the preuring time, the harder the
material will be, and a larger pressure has to be appiethe smooth cast materiaduring the
imprint in order to obtaimanochannelgenticalto the nanocrack Secondly, the preuring time
controls the solvent content of the smooth cast layer, which affects the swelling level of the
polystyrene surface during replication. The longer thecpreng time, the lower concentration of
solvens in the smooth cast layer and the lower swelling effaglisbe. Lastly, the pre-curing time
decides the temperature of the smooth cast |1ayer.heagenerated in the smooth cast layer due to
chemical reations and crosslinking of moleculesll provide more energy to the nanocracksd
results in a largechannekize. As the preuring time becmes longer, the smooth castols down,

and the temperature effectrisnimized.

During the experimentsy pre-curing timefrom 17 min, 20min, 23min, 25 min, 27min, 30min,
35 min to 40 min wastested to replicate nanocracksatfout 300nm in widthand60 nm in depth.
For all the cases, the peelioff time was 60min and the pressurized tinveas 60s. The pressure
values weredifferentfor different caseslue to the fluidity othe smooth cast layers. Specifically, for
the 17 min and20 min cases, no pressure was applied, because thsugpng smooth cast layers

weretoo soft for the 23 min and25 min casespnly 0.5MPa was applied. The pressure applied
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the 27 mincase was ®MPa and forthe other cases with longer praring time,the pressure value
was 10 MPa.

@ B b © (f)
'§ 58nm
L‘_'_;_‘_—'"lwnm -30nm
& Spm
y: 3um 250t e x: Spym

Figure 3-20 AFM 3D images of nanochannel lisreplicated with different preuring time; @) 17
min, ©) 20 min, ¢) 23 min, ¢) 25 min, €) 27 min, {) 30 min. For all the cases, the peeling off time

is 60 min. The original nanocrack size is about 300 nm wide and 60 nm deep.

The results show thavhen the precuring time is shorter than 23 mirthe surface of the
smoothcast layers are wet and soft; as a reshé#, solverd in the smooth cast layer destroys the
nanocracks easily. However, as the-pueing time becomes too long, the smooth &agtis aredry
and hard, thereforeg high pressure is needed during thenomprint, which aso trigges further
cracking of the nanocrackBigure 3-20 shows examples afanochannsireplicated byusing apre-
curing time from Z min to 30 minlt is obvious that a longer priring time contributes to a better
channel mold quality. However, as the jorging time becomes too long (longer than 30 min), the
smooth cast layer becomes too hard, and a higher pressure is, veleidadleforns or breals the
polystyrene nanocracks. Based afarge numberof tests conducted in this study, a recommended
pre-curing time for smooth cast 305 is around 25180, underthe condition of room temperature
of 233 . A higher room temperatureould speed up the crosslinking processhe smooth casand

give rise to a shorter pi@iring time.
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3.3.4.3Effects of pessure

Pressure is an essential parameter for the nanoimipiné. pressure is too high, the nanocracks
on lystyrene surfaces are likely to deform or break up, andiiee of the narmracks becoms
larger. On the other hand, if the pressure is too low, the smooth cast neanatl flow into the
nanocracksndfully fill the nanocracksconsequently, the eimnel molds may be shallower than the
original nanocracks, or even positive nanochannslcan be produced at allo study the pressure
effects nanocrackwith an average size of 300 nm in width and 60 nm in deptpolystyrene
surfaces were replicatezhto smooth cast layers with pressueduesranging from 0.25 MPa to 5
MPa. For all thee cases, the preuring time was 25 min and the pressurized time was 30 s with a

peeling off time of 60 minFigure3-21 shows the size arD images of the nanochannel molds.

FromFigure3-21 (a), one can see that the width ofskehannel molds is almost constant when
the pressure is lower than 2 MPa, about 300 nm, which is similar to that of the original nlesjocrac
because the nanocracks on polystyrengacesare relatively stable (i.e., no further cracking is
induced)whena low pressure is applied. However, for the higher pressure valuebPa5and 3
MPa, the width of thse channel molds increases dramadticadue to further cracking of the
nanocracksln the experimental investigatiorespressure as high as 5 MPa was &sbedhowever,
it was found that lot of new fractures were generated on the polystysarfacesunder such a high
pressure Figure 3-21 (b) shows that the height of the channel molds is about 24 nm when the
pressure is 0.25 MPa, and this value increases to 30 nm as the pressure increases to 0.5 MPa. This is
because the cracks are partly filled witle smoothcastmaterialwhen the pressure iswerthan 05
MPa. When the pressure increasesn 0.75 MPa to 1.5 MPa, the height of the channels reaches
about 60 nm due to fullfilling of the smooth casmaterialin the nanocracks. Howeveas the
pressure is higer than 2 MPa, both the width and height of the channel molds increase dramatically
due to further cracking of the nanocracks as mentioned above. For example, for the 2 MPa and 2.5
MPa cases, the channel molds become 280 nm wide and 370 nm high, amd wWiderand 354 nm
high, respectively, which are much larger than the original crackSigere 3-21 (c) demonstrates
3D images of these positivenoclkamelswith detail. From theseesults one can conclude that the
optimal pressure value for the nanoimprint by smooth cast 305 is around 0.5~1.5 MPa under the

condition of 25 min preuring time.
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Figure 3-21 Nanochanne replicated by Smooth cast 305 with different pressureiegpiom 0.25
MPa to 3 MPa. &) The wdth of the nanochannel molds ang) The teight of the nanochannel molds.
(c) 3D images of nanochanseakplicatedunderdifferent pressures.

3.3.4.4Pressurized time

The pressurized timand the pressureare critical to theifling of the Smooth castin the
nanocracks during replication. Pressurized time from 5s to 10 min was stddiedriginal
nanocracksvereabout 300hm wide and0 nm deepln all the cases, the praring timewas 25min,

the pressure appliaglasl MPa,and thepeeling off time was 60 min.

Experimental results show that the widththe channel moldshangs by very littlewhen the
pressurized time increases from 5 s to 5 min. However, the depth of the chaarsgsewith the
increasing pressurizedrte, from about 20 nm to nearly 50 nm when the pressurized time ingrease

from 40 s to 1 min. A longer pressurized time allows more material flowing into the nanocracks.

66



When the pressurized time is longer than 3 min, a higher chance of further cradktaggevplace;

and for the extreme case of 10 min pressurized timgosdive channelWas bund on the smooth
cast surfaceThis is becausahen the pressurized time is too long, the smooth cast material inside
the nanocrack is deeply crelasked and beomes brittle andthe shearforce appliedin the peeling

off process wuld break the positive channeléeaving the crosdinked material inside the
nanocracksOn the other hana pressurized time shorter thanshgould resultin a higher degree of
suiface roughness and a lower success ratigepfication. Figure 3-22 shows 3D images of
nanochannslreplicatedwith (a) 10 s, b) 1 min and €) 5 min pressurized time, respectively. It is
obviousthat the nanochannel mold replied with 10 s pressurized time is not so smooth, and the
channel mold replicated withmin pressurized time is much better than that of the 10 s case. For the
5 min case, the channel mold is not straight tugetaching action of the smooth cast layethviihe
crack during the solidifying procesé. suitable pressurized time for smooth cast 305 should be

around Imin when the preuring time is 25nin andthe pressure valus 1MPa.

(a)

Figure 3-22 Images of anochanned replicated bySmooth cast 305 with different pressurized time
of (@) 10 s,(b) 1 min and(c) 5min. For all the cases, the poairing time is 25 min, the pressurelis

MPa and the peeling off time is 60 min.
3.3.4.5Peeling off time

The peeling off ime is also an important parameter fbe nanoimprint inthe smooth cast
polystyrene systenPeeling off earliecan minimize thecontacting time between the smooth cast
layers and th@anocracksndreduce the swelling of the polystyrene surfatesveve, the smooth
cast material squeezed in thena@rackswould bestill soft and sticky, consequently, the channel

moldsare likely to bedeformedor brakenduring the peeling off process
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Figure 3-23 Exampésof nanochannel molds replied by Smooth cast 305 with different peeling off
time. @) 25 min, p) 40 min, €¢) 100 min. For all thecases, the preuring time is 25 min, the

pressure isMPa and the pressurized timeG@s.

Peeling off time from 35nin to 100min was studiedexperimentally In the experiments, the
pre-curing time was 2%nin and the pressure value wasiPa with the pressurized timef 1 min.
Figure 3-23 (a) and Figure 3-23 (b) show examples of nanochanrseteplicated by peeling off too
early with peeling off timeof 25 min and 40 mintespectively It is clear that the channetold
becomes negative (should be positivelrigure3-23 (a) and zigzagike in Figure3-23 (b) dueto the
failure of peeling off On the other hand, when the peeling off time isltow, the contacting time
between the smootbast and the polystyrersurfacebecomedonger, which wuld enhance the
swelling ofthe polystyrenesurface As shown inFigure3-23 (c), in thiscasethe peeling off time is
100 min andthe channel mold surface is much rougher than th&tigare 3-22 (b) in which the
peeling off timeis 60min.Based on the results of the extensive experimental investigatmopar

peeling off time is recommended G@min
3.3.4.6Fabrication of nanochannel molds with optimal parameters

Based on thexperiments demonstratatbove,high-quality nanochanneinoldsreplicatedby
using smooth cast 305 can be obtained by the followiaidking procedures. Firstly, 1 g part A and
0.9 g part B of smooth cast 305 is well mixed in a petri dish and degassed in a vacuum oven for 5
min. Then, the smooth cast layer iefssl off from the petri dish and attachtech nanocrack sample
surface with a preuring time of 25~30 min. Thirdly, the smooth cpstystyrene system is
sandwiched by a pressure gauge waittout 1IMPa pressurappliedfor 1 min. After the pressure is
released, the smooth cast layer is peeled off from the polystgrefeceat 60 min counting from the
mixing of part A and part Brigure3-24 shows &) a 3D view of a nanochannel mold arg) profiles
of differentcrosssectionsof this nanochannel moldlt is clear that the moldurface is smooth and

the channelsize is also uniform along the length direct{seeFigure 3-24 (b)), about 350 nm wide
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and 80 nm high, which is slightly larger than the avajinanocrack, about 300 nm wide and 60 nm
deep. Fine adjustment of tperatng parameters can further improve the fidelity of the mold to the

original nanocrack.
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Figure 3-24 A nanochannel mold replicatash a Smooth cast layéy the optimal parameter&) A

3D imageof the nanochannel moldy)(Profiles of differentrosssectionsalongthe nanochannel
3.3.5Comparison of method A and method B

Overall, both SU8 and smooth cast can be used to replicateraakefrom polystyrene
surfacesFigure 3-25 compares positive nanochannel molds replicated by smooth cast 305 and SU8
2150 from nanocracksf similar size, about 570 nm in width and 160 nm in delpiture 3-25 (a) is
the nanochannel mold replicated by SU8 2150, iaaochannels 1021 o g &in width and
362 18 nm in heighi(as shown irFigure 3-25 (b)). Figure 3-25 (c) shows the nanochannel mold
replicated by $ooth @ast, thechannelsize is 616 15 nm in width and 2329nm in height(Figure
3-25(d)). One can see that the nanochannel mold replicated by smooth cast has a smaller size and a
smoother surface compared with thatliegted by SU8 2150 photoresist owing to the higher solvent
concentration in the SU8 2158. higher concentration of solvemtould further swell and dissolve
the nanocracks on the polystyrene surface and give rise to a larger replicated chanheblsi3e3
summarizes the optimal working parameters for both methods and evaluates both methods by
comparing the facilities, cost, durability, channel quality and so on. Fadrte 3-3 one can see that
the mapr advantage of using SUS8 is the significantly short processing time, and the disadvantage is
thatthereplicated channeadize is much larger than the size of the original nanock&tile usingthe
smooth cast method, the procestake much longer timéan those of the SU8 methddowever,

thereplicated channedize issimilarto the size of the original nanocrack.

69



Figure 3-25 Comparison of positive nanochannel molds replicated by using smooth caah@05
SU8 2150 from nanocrackd similar size, 570 nm in width and 160 nm in deptfa) Nanochannel
mold replicated by SU8 2150, theannelsize is 1021 ¢ g ain widthand 362 18 nm in height(b)

A crosssection of the nanochanniel (a). (c) Nanochannel mold replicated by smooth cast 305, the
channelsize is 616 15 nm in widthand 232 9nm in height(d) A crosssection of the nanochannel

in (c)

Table3-3 Summary and evaluation of SU8 method and Smooth cast method.

SuU8 Smooth cast
Optimal Photoresist type: SU8 2150 Smooth cast type: Smooth cast 305
working Photoresist layer: 80 @8000rpm Precuring time: 25~27 min
parameters Coating time: 120s Pressure: 1 MPa

UV exposure dosé00~500 mdcnt Pressurized time: 1~3 min
Peelingoff time: 60 min

Facilities Spincoater, UV exposure machine, Micro-hardness testing system, pressut
gauge, vacuum oven

Materials SuU8 2150, PMMA slab Smooth cast 305

Time cost 5~10 min 60~100 min

Price Medium Very low

Channel Channekize isgenerallymuchlarger Channésize isgenerallylarger than

quality than that of the original cracks. The that of the original cracks by 10% ~
roughness of the channel mold surface 20%. Surface roughness is about 2~3
is about 5 nm. nm, similar to that of the original

polystyrenesurface.
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3.3.6Fabrication of PDMS nanochannels
3.3.6.1The durability of nanochannelmolds

PDMS nanochannels sdbe made from these nanochannel molds by following the procedures
of fabricating bi-layer PDMS nanochanrsebescribed inthe previous sectionHowever, drable
nanochannel molds are crucial féabricaton of sealed PDMS nanochannel chips with high
repeadbility. The durability of both SU8 photoresist nanochannel molds and smooth cast
nanochannel molds were studied by duplicatintaper PDMS nanochannels from each mold for at
least 6 timesFigure 3-26 (a) shows theaveragesizes of PDMS nanochannels replicated from a
single SU8 nanochannel mold f&@ times, andFigure 3-26 (b) showsa 3D image of a PDMS
nanochannel replicated from the Sb@ahannel mold and erosssectionprofile of this channel.
Clearly, all the channels are about 715 nm wide and 90 nm deep, with 1.5% and 11% deviation in the
width and depth directions, respectiveligure 3-26 (c) shows that the sizes of PDMS channels
replicated from one smooth cast narexafiel mold for 7 times; all these channels are about 220 nm
wide and 40 nm deep, with 12% and 9.5% deviation in the width and depth directions, respectively.
Figure3-26 (d) shows an AFM 3D image ¢fie PDMS nanochannel replicatédm the nanochannel
mold duplicated bythe smooth casaind acrosssectionprofile of this channel. In conclusion, both
smooth cast nanochannel molds and SU8 photoresist nanochannel molds are sufficiently durable for

replicating of PDMS nanochannels wiitlle size change.
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Figure 3-26 (a) Size of PDMS nanochannels replicated frai®U8 single nanochannel mdiol 6
times. b) 3D view of a PDMS nanochannel replicated from the nanochannel mold anoss
sectionprofile of thisnanochannk about 715nm wide and 90 nm deep$ize of nanochannels
replicated froma smooth castnhanahannel moldfor 7 times. ) 3D view of a nanochannel
replicated fromthe nanochannel moldnade ofsmooth cast and arosssedion profile of this

channel, about 220 nm wide and 40 nm deep.
3.3.6.2Fabrication of smaller PDMS nanochannels

As mentioned abovdahe Smooth castmaterialworks better in smallenanocrack replication
comparedwith photoresig. Figure 3-27 shows AFM images and profilesf a smaller PDMS
nanochannefabricatedby using a smooth cast nanochannel méigure 3-27 (a) is an original
nanocrack ora polystyrene surface with a size of approximately p5% ain widthand 35 1 € &
in depth.Figure3-27 (b) is a positive nanocannelon smooth cast replicated frothis nanocrackd),
and the channelsize is 104 p ¢ d&in width and 43 v € &in height Figure 3-27 (c) is a PDMS

nanochannel replicated from this nanochannel mb)d the nanochannel size is approximately
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106 p ® ain width and 40 7nm in depth. The nanocrack tme polystyrene surface waseaed

by heating 1 mL 90% ethanol at 85or 3.5 hours. The dett on the polystyrensurfacewas
marked by the indenter tip witmappliedforce of 50gF. The smooth cast nanochannel mold was
fabricated with the following operating parameters: aquieng time of 27 min and a pressure of 1
MPa with a pressurized tinof 1 min, and a peeling off time of 60 mirhe smooth cast methad

able to producemsaller nanochannel$-or exampleFigure 3-28 shows §) a 3D view of a smaller
PDMS nanochannel replicated from a smooth cast nanochanrelamelp) a cross section profile

of this nanochannel of approximately 60 mmwidth and 20 nmn depth
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Figure 3-27 Fabrication of a smaller PDMS nanochannél) A negative nanocrack on polystyrene
surface (95 p ® awide and 351 ¢ ddeep),b) A positive nanochannel mold on smooth cast
(104 p ¢ awide and 43 v ¢ dahigh) replicated from §), () A negative nanochannel on PDMS

(106 p ® awide and & 7nm deepreplicated from the smooth cast channel mold (
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Figure 3-28 (a) A 3D image of a smaller PDMS nanochannel of 8amin widthand 20 6 nmin
depthreplicated from a nanochannel mafdade ofSmooth cast ando) a crosssectionprofile of
this nanochanel.

3.3.7Chip alignment and bonding

X-PDMS and RPDMS havesimilar properties of regular PDM&hd can form sealed chips by
plasma bonding. First, a-tayer PDMS nanochannel slab and ddyier PDMS microchannel slab
are prepared. Four wells are punched be microchannel slab to work as sample reservoirs.
Afterward, the two slabs are placed in the plasma cleaner chamber and treated with plasma for 30 s
After the treatment, the surfaces can be bonded togeyhesingthe homemade alignment system
(Figure3-3). Figure3-29 shows &) a nanofluidic chip with single nanochannel after bonding apd (
a nanofluidic chip with parallel nanochannels after bondiigure 3-29 (c) is an exanple of the
final nanofluidic chip. Figure3-29 (d) shows arosssectionof the btlayer PDMS nanochannel after
bonding andrigure 3-29 (e) is a zoomedn view of this nanochannerosssection measurebly the
AFM. To make sure thes@nochannels are open after bonding, these nanochannelflieeneith
an electrolyte solutianAn electric fieldwas applied along the chanseind theelectrial current
inside the nanochannelvas monitored by an electr@ter The results show thaPDMS

nanochands as small as 20 nibeepwerestill open after bonding.
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Figure 3-29 Nanofluidic chipafter bonding. € A PDMS nanofluidic chip with single nanochannel;
(b) A PDMS nanofluidic chip with parallel nanochannge(s) An example of final PDMS nanofluidic
chip; (d) A crosssectionof the bilayer PDMS nanochannele) A Zoomedin view of the cross

section measured lige AFM.

3.4 Conclusion

This chapter presents a novel @thod to fabricate PDMS nanofluidic chips with single
nanochannslor multiple nanochannels of controllable channel size and spacing. Long nanochannels
of sub100 nm in width and depth can be obtained by this metAdtficial defects marked on
polystyrere surface by a hardness testing indenter are used to position nanocracks created by the
solventinduced cracking method. To fully understand the solveimduced cracking method, a
systematic experimental studg performed to investigate the formation ofanocrackson
polystyrene surface§ he solubility parameter and the diffusion coefficient were taken into account.
The size of cracks increases with heating temperature, heating time, volume and concentration of
alcohol solutionsNanocracksrereplicatel onto either SU8 photoresistyersor smooth cadayers
by nanoimprint technique twork asnanochannel moldsBased on the extensive experimental
investigations, two sets of optimal working parameters for both the SU8 and the smooth cast methods
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are deeloped.X-PDMS or rPDMS supported by regular PDMS is used to replicate nanochannels
from the channel molds to availe collapseof channel roofs during device bondifdganoctamel

based nanofluidic deviceare obtained by bonding a PDMS nanocharsiab onto a PDMS
microchanneklabh The method described in thekapterprovides an effective tool for fabricating
disposable and inexpensive PDMS nanofluidic devices with single or multiple nanochannels with
high reliability. The method of fabricating nanaflic devices as developed in tlikaptercan be
applied in almost every lab and greatly facilissiendamental studies of transport phenomattae

nanoscal@nd enable further developmentainofluidicbased applications

" Experimental results afdditionalelectrical current and overlimting current behavoirsimglenanochannels can
be found inAppendix B
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CHAPTER 4 Fundamental Research 1 ElectroosmoticFlow in

Single PDMSNanochannels

4.1 Introduction

Electroosmotic flow (EOF) describes the electrokinetically driven liquid motion due to the
existence of electric double layer (EDL). EOF in microchannels plays an important role in
microfluidics and has been studied comprehensively. In microchannels, the thickness of EDL is
generally negligible in comparison with the channel,siementioned iICHAPTER 2 However, as
the dimensions of nanochannels are comparabilee thickness of EDLEDLS get overlagpedand
consequently many new transport phenomena such as current rectificatiGnion enrichment and

" new dynamics of pressure driven floit???° have been discovered. These new

depletion #
transport phenomena facilitate various novel applications and studies of the nanofitfidits
Theoretically, in nanochannels withverlapped EDLSs, traditional-B equation and F§ equaion
used inthe microchannel systems are not applicable anymoifeor the case of extremely small
nanochannels, even the continuum hypothesis can hardly survive when the d@nnglin the
order of the interaction lengfor free pathpf the fluid molecule$*,

Analytical and Numerical Studies Over the past few decades, a series of analytical and

numerical modelfiave been developed to study the effects of overlap of EB3#€3%3!

€33,2345 é37,238

. ionic size

235,236

232 jonic valenc viscosity and pH valu of the solutions, surface roughnéds?+°

fy227,241243 4,244

and surface charge densi of channel walls,as well aschannel size on the
electroosmotic flow in nanochannels. Qu and®iderived an overlapped EDL model to calculate
electrical potential and ion distribution in the diffuse layer based on the B#lmkeel approximation.
Baldessar*®**also set a new model to predict electratgmtial distribution in overlapped EDLs

with the consideration of ion mobility and pH of the solution. In recent years, molecular dynamics
(MD) method combining with continuum theory has also been used to simulate ion distributions in
EDLs and EOF innanahannels finding that ion size of the solvent strongly affects the ion
distribution near the channel surfac®4 Qiao 2*® argued that the electroosmotic mobility in
nanochannels incases with the surface charge of the channel surfaces, however, the speed is slower

than that predicted by the continuum theory due tarttieagd viscosity in the interfacial layer. Liu

" A similar versio of this chapter was published as:
Peng, R.; Li, D. Electroosmotic Flow in Single PDMS Nanochannels. Nanoscale 2048224237
http://pubs.rsc.orgi/content/articlehtm|/2016/nr/c6nr02937j.
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and Sofo studied the channel roughness effects uporEf@€ in nanochannels numerically,

showing that even a small roughness value can reduégtReelocity dramatically and give rise to

a nonNewtonianbehaviorof the fluid. Pennathur and Santiag$2*°

studied EOF and ion transport

in nanochannels theoretically, proved that when the thickness of the EDL is comparable to the
channel size, the electroosmotic flow velocity profile in the nanochannel is nonunifodm an
decrement of EOF velocity occurs when EDLs get overlapped. BhattacR&tiyyaestigated=OFin
nanochannels in which the channel height and channel widthllare the order of the thickness of

EDL andpredictedthatthe Debyeength is not a good parameter to estimate the actual thickness of
EDL. Modeling and simulation of ionic currents in 3D nanomembrane connected with microchannels
wereperformed by Chattgee et af*’, showing that electrokinetic flow mhybrid micrenanofluidic
systemis dependent on the capacitance of the nanomembrane and the surface charge of the
nanoarrays. Movahed @rLi ¢ presented a-B® modelof EOF in nanochannels, showitigat flow

field, electrical field andonic concentration field in nanochannels are all dependent on the channel

size.

Experimental Studies Experimental results of mass transfer in nanochannels are very limited.
Stein?*® explored ion transport in silica nanochannels of 70 nm in height ahddB0Owidth. Their
work found that the conductance of the nanochannels saturatdése ailute limit, and the
conductance of the nanochannels is independent of the ion concent@tittansport properties in
nanochannelaredominated by the surface charge. lon transport in nanochannels of 2 nm deep was
conducted by Duan and Majumd&?, it was also found that ion transport is dominated by the
surface chargavhen the ionic concentration of the buffer solution is lower than 100 mM. However,
little attention has been paid to the flow in these studies.

Jacobson et af*® measured EOF velocity in nanochannels as small as 98 nm deep by using
fluorescent dye (Rhodamine B), showing a 35% decrease of the electroosmotic mobility compared
with that in microchannels. Heiydeveloped a new method to fabricate nanofluidic chips based on
silicon dioxide wafers and measured EOF velocity in both microchannels and nanochannels;
however, the smallest channel size is just 200 nm which issuifitient to study any unique
transport phenomenat nanoscale, because there is essentially no overlap of EDLs in such a large
nanochannel. Pennathur and Santid§oinvestigated electrokinetic transport phenomena in two
nanochannels of 40 nm ele and 100 nm deegxperimentallyby usingboth thecurrent monitoring
method andhe fluorescence imaging method. However, the width of these channels is abaut 1

which is not in the nanoscale. These nanochannels were fabricated by conventionghpbatphy
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and dry etching method on quartz wafers. Haywood éf’aineasured EOF velocity in three glass
nanochannels of 530 nm wide and 54 nm, 108 nm, 216 nm spectivelyfabricated by

ng,
velocity 1in

cal etchi

EOF

c hemi
t hat

combinipb photolithography,

Haywoodds results prove

Table4-1 reviews the the experimental resultslegil.

Table 4-1 Summary of experimental results of electrokinetic transport of ions ands fin

nanochanne.
Reference Channel size Channel Measurement Method Focus
material
Stein et al?*® 70nmdeep and 1 & | Fysed silica Conductance lon transport
wide
Duan and 2 nm deep and fr A Silicon-glass | Conductance lon transport

Majumdar?*®

wide

Jacobson et af*

98 nm and 300 nm dee|

Not mentioned

Confocal fluorescence
detectio

EOF mobility

deep and 200 nm wide

Mela et al 2% 200 nm high and 7:24 | sjlicon-based | Current monitoring EOF flow rate
wide
Hug et al®! Largerthan 200 nm Silicon-silicon | Current monitoring Channel fabrication and

conductance

Pennathur and

40 nm, 100 nm deep

Current monitoring method

lon transport ath flow

deep and 530 nm wide

method

Santiagd?*® and 1 awide Quartz and Fluorescent dye transport
imaging
Haywood et af°. 54 nm, 108 nm, 216 nn| g|3ss Fluorescent dye imaging | lon transport and flow

transport

As reviewed above, even though several experiahestudies have been conducted to
investigate EOF in nanochannels, few of them worked on channels made by Polydimethylsiloxane
(PDMS) which is the most widely used materials in microfluidic and nanofluidic research
furthermore, few of them worked with amzel sizes smaller than 40 nm where significant EDL
overlap may occur, especially in two dimensions. In litezature reviewed aboveresults ofthe
channel size effects on EOF velocity in hanochanagdsvery limited Therefore, the objective of
this chapteris to systematically investigate EOF in smaller single nanochannels made of &RMS

to providea better understanding tife electrokinetic transpouf fluidsin PDMS nanochannels.

In this chapter nanofluidic chips withsingle nanochannelre fdricatedon PDMSplatforms
EOF velocity in single PDM&anochannelwith onedimensioml sizeranging from 20 to about 250

nm is measured systematically by the current slope method. The effetit® ohannel sizethe
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concentrationof electrolyte solutin as well as the applied electric field on EOF velocity in
nanochannels are studied. Zeta potential of the PDMS channel surfaces is also measured by using the
current slopemethod For comparison, correspondiranalytical andnumerical studieof EOF

velodty in nanochanelsarealso presented in this chapter

4.2 Methods
4.2.1Analytical model

EOF in nanochannels with overlapped EDLs can be estimated by the following analytical
solution ?®® theoretically. Assuming that EOF transport between two saffidiarge parallel plates
separated by a distance @, the electric potential distribution in the y direction of the channel
(perpendicular to the channel wall, asdd T at the middle plane) witla small degree of EDL
overlapping can be written &%

TQY, L .09 o (4-1)
W w ﬁowﬁé OAI?%TYAQDQQ) Q

rey, 3@ OATl 42 AopPQ Q «
ga’® oRY @
whereQ is the Boltzmann constarilyis the temperatur@is the unit chargdj is the valence of the

buffer solution§ ¢ G pforKCl)andQ isthe Debye length which is a function of the

ionic concentrationQ is also referrea@s the Deby#uckel parametet.

) oy 4-2)

= CE aQ
Herg ¢ is the number density of ions in the bulk solutionis the permittivity of vacuum and
is the dieletric constant of the electrolyte solution. Combining the Stokes equation under the
condition of laminar flow, the EOF velocity distribution along theirection can be calculated by:

- - ' 4-3
il - L 3

where [ Jis the externally applied electric field, is the zeta potential of the channel wall @nd
the viscosity of the electrolyte solution. In microchannels, the thickness d&DRheis negligible
compared with the channel size, therefageeo becomes zero anBquation (4-3) becomes the

famous HelmholtSmoluchowski equatioii (Equation (2-4)). Based on the profile fothe EOF
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velocity, one can easily get the average velocity imdmexchannel by integrating the velocity in the

wdirection:

P i~ (4-4)
To 0 TrFa¢ QO

However, fora very largedegreeof EDL interactions or high channel wall zeta potential,

—— 1 p, the potertial along he y direction of the channel can be calculated by;

& O e De i0mal (4-5)
a0 QY
Q6 Q. . .40

¢ 2oy
wherew is the potential at the middle plane which can be calculated by applying the boundary
condition: y=0, and the the following equatiofi

L, Q0 Q. a0 (4-6)

. ., aQ
weE t c QOOETQ.,Y QO)IZD—.,Y

The analytical solutions can be used to predict EOF velocity profiles in nanochannels directly by

using Matlab Figure4-1 is an example of EOF proéiplotted according to the analytical solution in
a nanochannel of 104 nm high withl}d KCI solution loaded under an electric field of 25 V/cm.
The correspnding Matlab codes atistedin Appendix C

-5
45%10 :
4, -
3.5¢ 1
—~ 37 b
o
E 25 1
=
8 2 i
¢ Channel size : 104nm
L 15 Electrolyte solution: 1mM KClI
w Applied electric field: 2500V/m
1r Dielectric costant: 80 1
Temperature: 298K
05- Zeta potential: -25mV 1
0 Viscosity: 0.001Pa*s
_05 L 1 L L 1 L
-6 -4 -2 0 2 4 6

Channel size (m) x10°
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Figure 4-1 An example of EOF velocity profile in a nanochannel of 104 nm high witkl 2Cl
solution loaded under an electric field of 25 V/cm plotted based on the analyickdlby Matlab

software.
4.2.2Numerical simulation

Figure4-2 shows a 2D computational domain of the numerical studyawgtiannel height of 2d
andachannel lengtlof L. AB is the entrance of the nanochannel and CD is the outlet boundary, AD
and BC are the channel wallan electric is applied on the nanochannel with electric potentials

applied on AB and CDrhe governing equations and boundariediated in the following sections.

A D
|2d w—b EOF

B - .
L C

Figure 4-2 Schematic omodelingEOF in a hanochannelThe nanochannel is 2d in height and L in

length. Electric potential is applied between the entrance and outlet of the nanochannel.

4.2.2 1Electric field

Electric Field in EDL In the nanochannel area, Poisson equation must be solved in order to

calculate the electric potential distributionthe EDL

n--nwy 7 4-7)
% (4-8)

wherew is the electric potential arid is the net charge density, F is theafaday constané and

a are the ionic concentration and valenc® ondd drespectively. The boundary conditions are:

«D-- ny TAO"AT#AS$ (4-9)

W - ABEATAN BAT 'A# (4-10)

82



Externally Applied Electric Field In the nanochannel aretihe externally applied electric field is
assumed to bimdependat of the EDLand the applied electric field. The extempalpplied electric field

mustalsobe governed byPoisson equatign

no-ng T (4-11)

wherels is theexternally applieclectrcal potential thebounday conditions are

«Or TMAOSAT 'A# (4-12)
B pAO" (4-13)
E TA®S$ (4-14)

4.2.2.2lonic concentration field

The thicknessof EDL is comparableo the size of the channednd EDLs are likely to get
overlappedin narochannels, consequently, Nerank equation should be applied to study the

ionic concentration field.

Woom (4-19)
1. 0nd & dw Gy, (4-16)
. ©° (4-17)

YUY

whered ., 'O, * are the flux, diffusion coefficient and ion mobility of or & arespectivelygr.
is the EOF velocity inside the nanochannel, R is the gas conBtentollowing boundary conditions

are appliedn the concentration field
-3 mMAOSATA# (4-18)

w o AO"Al #% (4-19)
Here® is the concentration of the bulk solution.

4.2.2.3Flow field

Stokes equation and the continuity equation are solved in order to calculate the flow field inside

the nanochannel. Here, we asge that the fluid is incompressible and the flow inside the
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nanochannel is laminar flow due to the low Re number, and no pressure is applied between the

entrance and the outlet of the nanochannel.

W0 M, BT (4-20)
NOp b, T (4-21)

where P is the pressuré, is the dynamic viscosity of the electrolyte solution. The boundary
conditions at channel walls are nonslip due tovikeos effect and no presswappliedat the channel

ends:
Trks TAOSAT A (4-22)

0 MAO"AT#AS (4-23)

The channel size effect, ionic camtration effect and the applied electric field effect on the
EOF velocity in nanochannels are studied systematically by using this ni@déé 4-2 lists the
parameters and constants used in the simulation. In the numericakstodic concentration from
p 10 to 0.5 M, channel height from 20 nm to 300 nm, externally applied electric field ranging
from 12.5 V/cm to 50 V/cmveretried. Therelativezeta potential valueserefrom the experimental

results

Table4-2 Constants and parameters used in the example simulation.

Parameter Description Value and unit
H Viscosity of electrolyte Ty p Tt [Pa*s]
V4 Density of water p 1t T{kg/m"3]
(IR Zeta potential of channel wall ¢ ymv]
E, Dielectric constant of water 80[1]
E Permittivity of vacuum 8.854 p m [F/m]
L Length of channel 1000[nm]
W Width of channel 50 [nm]
T Electricpotential applied on the entrance 25[mV]
T Bulk concentration 1[mol/m~3]
) Valence of 1[1]
) Valence of6 & -1J1]
Unit charge ppmcpm [C]
Faraday Constant 9649[C/mol]

Diffusion coefficient ofo

pBL X p T [MN2/S]

B e e 1 1)

Diffusion coefficient ofd &

¢8to ¢p m [M"2/S]
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Gas contant 8.314[J/mol/K]
Boltzmann constant P& Ypp 1 [JK]
Temperature 298[K]

Figure4-3 is anexampleof theflow field inside a nanochannel of 104 nm high with*lOKCI
solution loaded under areetric field of 25 V/cm. The color scale and the arrowFigure 4-3 (a)
depict thevelocity field, and Figure 4-3 (b) shows a velocity profile at therosssectionof this
nanochannelFrom Figure 4-1 and Figure 4-3 one can se¢hat thevelocity profiles are almost

identical, revealing that the direct numerical medeé reliable.

(a)
EOF velocity surface (um/s)
60
=3 =3 —— 40
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Figure 4-3 EOF field inside a nanochannel of 104 nm high witiMICI solution loaded under an
electric field of 25 V/cm. (a) EOF velociplotted bycolor surface and arrows (b) a velocity profile

at thecrosssectionof this nanochannel.
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4.2.3Experimental system
4.2.3.1Fabrication of single-channelnanofluidic devices

In this chapter PDMS nanofluidic chips th single nanochannels were made by following the
working procedurespresentedin CHAPTER 3 Figure 4-4 (a) showsan example ofa PDMS
nanochannel replicated fromsmooth cast nanochannel maldd Figure 4-4 (b) illustrates across
sectionof this nanochannel measured llye AFM. Figure 4-4 (c) is an example othe micro-
nanofluidic chipafter bonding, andrigure 4-4 (d) shavs acrosssectionof the nanochannedfter
bondingcaptured by the optical microscope and a zoemedew of this crosssection measured by
the AFM. In this chapter, It e mi crochannel system 1is dompose
microchannels with @rosssection of 150° @in width and 30 @i n dept h. The two

microchannels are separated by 100 or‘2@dwhich arebridged by nanochannels

:IlllIlllllllllIlllllllllllllllllllIllllllllllllll
0.0 0.2 04 0.6 0.8 1.0
x [um]

Figure 4-4 Examples ofa PDMS nanochannel and a PDMS nadluidic chip. (a) A sngle
nanochanneteplicatedon PDMS; b) A aoss sectiorof thisnanochannel of 183p pamin width
and 42 @nm in depth as measured by AF{d) Picture of a singlsanochannel nanofluidic chip;
(d) A zoomedn view of thecrosssedion of the single nanochannel after bonding.
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4.2.3.2EOF velocity measurement by the current slope method

To measure EOF velocity in microchannels or in nanochannels, several methods have been
developed, and these methods can be divided into two categoriegndnteacing method and
current monitoring method. For the imaging tracing method, fluorescence dye or nanoparticles are
diluted or mixed inteelectrolyte solutions to make the movements of the fluids visible. A camera or a
photodetector will record the mements of the fluorescent dye or particles. For example, Sadr et al.
253 studied EOF in rectangular channels by using nanoparticles; Jacobsofi®ét'aheasured EOF
velocity through nanochannels by using Rhodamine dye. EOF in single nanochannels was also
investigated by Pennathur and Santiago by imaging Rhodamtffe Buorescence imaging makes
the velocity visible; however, diffusion ofi¢ fluorescent dye resslin a blurring boundary of the
flow profile and inaccuracytiming. Also, the fluorescent dye molecules and nanoparticles carry
electrostatic charges, which make them subject to additional electrophoretic motion, and may affect
the electric field in the nanochannel. These side effects must be considered and corrected in order to

obtain the true EOF velocity by these methods.

The electrical current monitoring method can measure EOF velocity by monitoring the &lectric
current changeduring replacement between two electrolyte solutions of slightly different
conductivity. As a low conductivity solution replaces a high conductivity solution in a channel by
EOF the electrial current decreases from an initial higher current value apdteally reaches a
lower constant value when the high conductivity solution is completely replaced by the low
conductivity solution in the channel. Ren et¥limproved the current monitoring method by using
the slope of the current change to minimize the inaccuracy involved in determining the starting time
and the ending time of the current change. This improved method is also called the current slope
method. The current slope method does not need the exact starting time and ending time of the

solution displacement, and the average velocity can be calculated by the following equation

S
e T 429
whereqt is the average velocity of theOF, 'Q is the slope of the linear part of the current
change curve, A is the cross section of the channel, L is the length of the chaanel, are the
conductivity of the higher ionic concentration solution and lower ionic concentration solution,

respectively.
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In the single nanochannel chips used in this work, the length of the nanochannels is short, and it
is easy to measure the stablectric current values when the channel is filled with either the higher
ionic concentration solution or the lower ionic concentration solution. As a consegiena&on

(4-24) can be rewritten into the following form to calcate the EOF velocity in single nanochannels:

Q D (4-25)

© 50

where O and ‘O are the electral current in the nanochannel filled witthe higher ionic

concentration solution arttle slightly lower ionic cacentration solution, respectively.
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Figure 4-5 An example of EOF velocity measurement in nanochannels by the current slope method.
The current change is measured by replacing 100% MIOKCI solution with 8% 10° M KCI

solution with 25 V/cm electric field applied in an 804 nm wide and 215 nm deep nanochannel.

Figure4-5 shows an example of the current change curve measured by replacing T00%o
KCI solution with 90%p 1 M KCI solutionunder 25 Vém electric field in an 804p aim wide and
215 x nm deep nanochanneht the beginning, only 100% 1 M KCI solution flows in the
nanochannel, and the current is const&t After the 1006 solution is replaced by the 90%
concentration solution, the current decreases gradually and eventually reaches a constant lower
current value,l,, when the higher concentration solution is completely replaced by the lower
concentration solution(sdeigure 4-5), due to the conductivity changéhe most linear part of the

current slope is magnified in the-uight cornerof Figure4-5, which is used to represent the slope of
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the current change durinige entire displacement process. The nonlinear parts in the red circulars are

caused by mixing and dispersion of the solutions at the starting and ending of the displacement.

Figure 4-6 shows the layout of the current monitoring systéd DC power (Keithley, Model
6517A, Voltage module) issedto providean electric potentiato the nanofluidic chip reservoirs
through Platinum electrodes (Sigmddrich®). Electrometer (Keithley, Model 6517A) connecting to
the computer is used to redothe current by Labview programs (National Instruments Corp.). To
reduce the noiseduring the current measurement, a hamble Faraday case is coveranl the

power switch and the nanofluidic chip.

Iel a0 8 .
+ - Computer
o
Nanochannel
anochanne / Electrometer
= / ac /g

i A 55/

Electrical switch *
Nanofluidic chip

Figure 4-6 Schematic of the currestope measurement system.

For each set of measurement, a fresh nanofluidic chip was initially loaded with KCI solution of
a given ionic concentration, ranging frggmt M to 0.5 M in the experiments. The electrolyte
solutions were prepared by dissolving KCI (Fisher Scieff)ifin pure water (Mini Q, Diree€ 3)
with a resistivity of 18.2 MmQA [ at 253 . Then,the DC power was applied on the nanochannel
through resenios A and C (seeFigure 4-6), and the current was recorded by the computer
simultaneously. After the current became constant, the solution in reservoir B was replaced by
another kind of KCI solution with a slightly lower concetiba. An electric field was applied
through reservoirs B and C. Under the applied electrical field, the solution from reservoir B would be
pumped into the microchannel and then into the nanochannel because of the electroosmotic flow. As
a consequence, tls®lution with a higher concentration in the nanochannel would be replaced by the
lower concentration solution gradually by EOF, and the eletttierrent would decrease gradually
until reaching another plateau. Moreowehen an electric field is appliesh the nanochannebn
polarization may occur at the mier@anochannetonjunctiors. In this work, the electric field applied

in the experiments was lower than 50 V/cm and the ion coratamtpolarization is very wealklso
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Joule heating effectsanbenegligble.” In addition, the period of time of the electrolyte displacement
was onlya few seconds which is much shorter than that of the propagation process of the ion
concentration polarization. As a consequence, inviioik, the ion concentration paiaation effect

is assumed to be negligible. Similar assumpttwawe been applied and proved by Haywood et4l

It should be noted that the electiccurrent value in nanochannels decreases thighionic
concentration of the solutions, which makes the current measurement hardelefardoeentrations
solutions. In this paper, 5% concentration difference was applied for both 0.5 M and 0.1 M
concentration cases; 10% concentration difference wed for 0.01 M ang 1t M cases; and 20%
concentration difference was utilized in the case of M solution during the displacements. For
each working condition, i.e. one given solution, one given electric field and one given nanochannel
size, the current slope measureneas repeated for at least 5 timesndependenhew chips. EOF

velocity was calculatedy usingEquation(4-25).

Table4-3 List of nanochannels used in the EOF velocity measuner(tdy: Hydraulic diametey.

Channel No.  Depth (nm) Width (nm) Hp Cross area (nfh
1 241 p p 867 20 225 104570
2 215 7 804 13 201 86811
3 183 12 798 19 174 73115
4 149 15 795 18 144 59315
5 130 16 714 19 126 46630
6 114 17 716 21 111 40907
7 104 9 757 25 101.5 39417
8 94 11 609 9 92 28343
9 89 2 626 17 87 27857
10 81 v 532 w 79 21546
11 67 7 640 22 66 21440
12 58 2 404 15 57 11716
13 50 2.5 232 11 39 5800
14 42 5.6 183 11 40 3843
15 32 4 106 w 29 1696
16 20 5 63 p 1t 18.3 630

" Calculation of the Joule heating effects and experimental results of Joule heating effects in a single nanochannel
canbe found inAppendixD.
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In this chaptey 16 naochannels with different sizeanging from approximately 60 nm to 860
nm in width and about 20 nm to 241 nm in deptiere testedTable 4-3 gives the geometric
parameters of these nanochannels, including the width, deytinaulic diameter and the cress
section area values. The | ength o fmictothanelsimnoc han
the nanofluidic chips is 200afor channel 1 to channel 12, and 106for channel 13 to channel 16.
All the PDMS nanochanels were measured hige AFM for at least5 times to characterize the
channel size. A microchannel of 5adeep, &t‘ awide and 1 cm long fabricated lzpnvertional
photolithography method was also used to study the EOF velocity in microchannétsraedsure
the zeta potentials of-RDMS channel surfaces. All the experiments were conduatedom

temperature of about 2&.

4.3 Results and discussion
4.3.1Zeta potential measurement in microchannels

Zeta potential is used to predict EOF velocity in microcteds by HelmholtZSmoluchowski
equation. As a comparison work, EOF velocity of 0.5 M, 0.1pMt M, p t M andp m M KCI
solution inan x-PDMS microchannel was also measured by the current slope métetzdpotential
of the channel surface at eacbncentrationwas calculated by using thel-S equation(Equation
(2-5)) and themeasuredEOF velocity. During the calculation, the permittivity and viscosity of the
solutions were treated asconstants, and ¢hzeta potential is fitted as a function of the ionic

concentration (as shown kgure4-7):
Waw U XTTY oodlxidd o8 ¢ ¢ YT (4-26)

Zeta potential of the-PDMS channel surfaces under the condition of any ionic concentration
between 1M and 0.5 M in the simulation parf this chapterwas calculated by using Hagtion
(4-26). Here, the assumption is that the zeta potential is dominated by the concentration and does not
change with the overlapping of EDLs. To be noted, overlapping of EDLs affetatspntential of
nanochannel surfaces, and a more accurate model has been developed by Kf& Etalmodel
shows that the deviation of zeta potential for the cases of high degree EDL interactions under the
condition of low pH values (for example pH=4) is signific&ft However, in our cases, the pH

values are about 5.7, and the interactions betvEDLs are much weaker @@mpaison with that of
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Mad model with large deviation of zeta potentiagigicatingthat the dewation of the zeta potential

due to channel size our work is very small and negligible.
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Figure 4-7 Zeta potential of ¥DMSchannel surface contacting withifferent KCI solutions ranging

from 10 M to 05 Mmeasured by the current slope metlaod calculatedby the H-S equation.
4.3.2Channelsize effects

Single PDMS nanochannels with depth ranging from 20 nm to 241 nm as well as a
microchannel of a crossection 5t vtl were used to study the channel size effects upon the
EOF velocity in nanochannels. During the experiments, all the channels initially were filled with 100%
p 1 M KCI solution and 100% 1t M KCI solution; and then the initial solutions weeplaced by
90%p 1 M and 90%p 1 M KCI solutiors under 25 V/cm electric fieldrigure 4-8 shows the
experimental results and the numerical simulation results. To simplify the figures, only the smallest
dimension (the depth) of the channels is plotted as taix in thesefigures, the width of the
channels is labeled above or below the error barsHggre 4-8 (a)). Numerical simulation results
are also plotted oRigure4-8 (@), in which the red dashed line depicts the simulation results of the
10-3 M cases and the black dashed line is the simulation results of-th&Xfases. Frorkigure4-8
(@), it is obvious that, in relatively large nanochannels, i.e., when the depth (the smallest dimension)
is larger than 100 nm for the casepoft M solution or larger than 50 nm for the caseaft M
solution, the EOF velocity valuesrea independent of the channel size, about' 46fi and

approximate 30 dfi, respectively. However, when the channel size becomes smaller, i.e., when the
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depth (the smallest dimension) is smaller than 100 nm for the cg@set oM solution or smalle

than 50 nm for the case pfrt M solution, EOF velocity in the nanochannels for both concentration
values becomes size dependent and decreases with the channel size. The experimental results in
Figure 4-8 agree with the numerical simulation results well. The profiles of the EOF velocity in the
nanochannels for bogh 1 M cases ang 1 M cases are plotted fFgure4-8 (b) andFigure4-8 ()

by the numerical method.
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Figure 4-8 Channel size effects dhe EOF velocity in nanochannel§a) In the experiments, EOF
velocity of 1M KCI and 10*° M KCI solutions in 16 nanochaels with depth ranging from 20 nm

to 241 nm and a microchannel are measured under the electric field of 25 V/cm. The widths of the
channels arelabeled near the error bars of each data point. The red dashed line depicts the

simulation results of I®M cases and the black dashed line is the simulation results oMlGases;
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(b) EOF velocity profiles in nanochannels with®M KCI soltion; (c) EOF velocity profiles in
nanochannels with 1 KCI soltion.

For thep 1 M cases, EOF velocity in all tHarger nanochannels is essentially constant, about
30° dfi , which is identical with the velocity in the microchannel (Begure4-8 (a)). Channel size
has little effect on the EOF velocity, because the EDL is very thin irpaoson with therelatively
large nanochannel size. F@rmt M KCI solution, the Debye length (pj Q) is only about 3 nm,
and the thickness of the diffuse layer is usually 3 to 5 times §f10~15 nm, which means no
overlap of EDLs occurs in nanochannel larger than 30 nm. Therefore, the EOF velocity in these
nanochannels is just as large as that in the microchanneldi-&dquation is still applicable.
However, in reality, the average EOF velocity still shows a slighigreasing trend when the
channels size becomes smaller than, for example, 50aashowing inFigure 4-8 (a). This is
because the percentage of the nanochannel-seati®n occupied by the EDL increases when the
channel size mmes smaller. When the channel size is smaller than 30 nm, for example, in the 20
nm deep nanochannel, a weak degree of overlap of EDLs occurs, which will further reduce the EOF

velocity to about 24 dfi .

Similarly, for thep 1 M cases,_ is about 10 nm and the thickness of the diffuse layehef
electric double layer is about 30 ~50 nm. Consequently, EDLs are likely to get overlapped in the
nanochannels with aize gnaller than 100 nnand the EOF velocity will decrease accordinghg
expected, fronfigure 4-8 (4) one can see that EOF velocity in nanochannels gvithM solution
decreases gradually as the channels size becomes smaller than 100 nm. Titye prefdes in
Figure4-8 (c) also show that the maximum velocity value in the 104 nm deep nanochannel is slightly
smaller than thain the microchannel as shown kigure 4-8 (a). In addition, in most ases of this
chapter the nanochannel size in the width direction is much larger than that in the depth direction
therefore, it is impossible for the EDLs to get overlapped in the channel width direction;
consequently, the channel width has little effentthe EOF velocity. However, for the smallest
nanochannel studied in this work, the channel is 20 nm deep and 63 nm wide. In this case, EDLSs can
get overlapped weakly in the width direction in addition to the depth direction. As shdviguire

4-8 (a), the EOF velocity is approximate 150fi , only about one third of that in the microchannel.
4.3.3Concentration effects

Figure 4-9 shows the experimental results (solid points with error bars) and numerical

simulation results (dashed lines) of ionic concentratioac&dfon the EOF velocity in 6 nanochannels
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and one microchannel. KCI solut®with concentration ranging from 0.5 M port M werestudied

in these channels. The applied electric field for all the cases is 25 V/cm. Apparently, EOF velocities
of the 0.5M solution in all the nanochannels and the microchannel are essentially the same, about
17 G&fi, because, at this high ionic concentration, the thickness of the EDL is extreme thin (

™@ & 0) and there is no overlap of EDLs in all the channi&sthe ionic concentration decreases to

0.1 M andp m M, EOF velocity in the channels increases with the concentration inversely due to
the increasing zeta potential as showirigure4-7. However, a lower ionic concentratiavill also
contribute to a thicker EDL, which will in turn give rise to overlapped EDLs in smaller nanochannels
and consequently a smaller EOF velocitys the ionic concentratiowecreases furthdo p m M

ang 1t 0, nanochannels of different sizmhavior differently in terms ahe EOF velocity. For
example, in the microchannel, EOF velocity keeps increasing from aboutd#2 to almost

53‘ @&fi while the ionic concentration decreases fiorm M to p 1t 0 hfollowing the trend of the

zeta potential irFigure4-7. For the 241 nm deep and 149 nm deep nanochannels, the velocity still
increases with the concentration inversely for the MOcase, but decreases slightly for thet M

case due to weak overlap BDLs. For nanochanrelsmaller than 89 nm, overlapping BDLs
dominate the EOF transport, and the EOF velocity decreases dramatically even though the ionic
concentration decreases. For example, imdmechannebf 20 nm deep and 63 nm wide wihrt

M solution,_ 30 nm, EDLs are overlapped in both the depth direction and the width direction;
consequently, EOF velocity is reduced to only about 1/9 of that in the microchannel under the same
applied electric field.tlis obvous that the expanental results and the numerical simulation results

in Figure4-9 show the similar trendndfrom both figures one carocludethat in relatively larger
nanochannels without overlapped EDLs, the EOF velocity depends on thecardentration; in
smaller nanochannels with overlapped EDLs, the EOF velocity depends on both the ionic

concentration and the channel size.
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Figure 4-9 Concentration effects on the EOF velocity. EOF véjoaf 10* M, 10° M, 0.01M, 0.1M
and 0.5M KCI solutiors in five nanochannels and a microchannel were measured systematically.
The applied electric field for all the cases is ¥&m. The solid points with error bars are the

experimental results and tliashed linsillustrate the corresponding simulation results.

From theresults one can see that EOF velocity in PDMS nanochannels depends highly on the
ionic concentration. Similar properties of EOF in glass nanochannels have also been proved
experimently by Pennathiuf® and Haywood et &®!, and the electroosmotic mobility values in
their works are higher than that in the present cases under the conditions of same concentration
values and ltannelsizes due to thsurface propertdifference between glass ard®’DMS material
However, all the results followhe EDL overlapping theory, as a result, one @dso predict EOF
transport in nanochannels, nanomembranas@orous made of other maigs such as silicon,

polycarbonate ansloon accordinglywhich is essential to the applications of nanofluidics.
4.3.4Effects of applied voltage

Figure 4-10 shows the electric field effects on the EOF velocity in nanochanneltheln
experiments, EOF velocities pft M KCI solution ando 1t M KCI solution in 5 nanochannels as
well as ina microchannel with applied electric fields ranging from 12.5 V/cm to 50 V/cm were
studied. As show in both Figure 4-10 (&) and Figure 4-10 (b), EOF velocity in both the
microchannel and the nanochannels increases linearly with the applied electric field. The slope of the
velocity vselectric field curve is the electroosmotic mobility. Frémgure4-10 (a), one can see that
the electroosmotic mobility decreases by a little with the deicrg@atannel size even though no

overlap of EDLs exists. As discussed above, the slight decrease of the electroosmotic malbdity in
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small nanochannels is due to the incraasbe percentage of the channel cresstion occupied by
EDLs when the channel size becomes smallerpFarM KCI solution, no overlap of EDLs occurs
in nanochannels larger than 100 nm, as showkigare4-10 (b), EOF velocity in the nanochannels
larger than 104 nm is essentially the same as that in the microchannel under the samelagipiceed
field. However,Figure4-10 (b) shows that the electroosiic mobility decreases when the channel
size becomes smaller than 104, because EDLs get overlapped. This is eviderihe case of 50

nm deep nanochannels.
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Figure 4-10 Electric field effects on the EOFelocity. In the experiments, EOF velocity @f 10? M
KCI solution and if) 10° M KCI solution in 5nanochannels and ormaicrochannel are measured.
The applied electric fields are 12.5 V/cm, 25 V/cm, 37.5 V/cm and 50 V/cm respectively.

4.4 Conclusion

This chapter presents a systematic study of electroosmotic flow (EOF) in single PDMS
nanochannels witlone dimension as small as 20 nm by using the current slope mefdden
nanochannels with different sizes as well as a microchannel were tested in thimexjse Zeta
potentials of the sPDMS microchannel surfacesontacting with KCI solutions of different
concentrations were also measured by the current slope method. The results show that EOF velocity
in nanochannels increases with the applied electad finearly, and EOF velocity in nanochannels
with overlapped EDLs is smaller than that in microchannels under the same aghpdieat field.

EOF velocity in relatively large nanochannels without overlapped EDLs is independent of channel
size and can bealculated by Helmholt&moluchowski equation. However, EOF velocity in smaller
nanochannels with overlapped EDLs is strongly dependent on both the nanochannel size and the

ionic concentration of the electrolyte solution. The experimental results andicaingmulation
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results presented in thishapterprovide an improved understandingf electrokinetially driven

fluids through nanochannels.
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CHAPTER 5 Fundamental Research I: Electrokinetic M otion of

Single Nanoparticles in Single Nanochannels

5.1 Introduction

The phenomenon of electrophoresis describes the motion of charged colloidal particles
suspended in electrolyte solutions in responsexternaly applied electric field$®. Electrophoresis
haslong been applied toeparate a mixture of charged particles or molecules practicgllysing
porous media such as gel$>® The development of amofabrication techniques todayakes
manipulaion and transport oindividual molecules and particles nanofluidic platforms possible
2256257 Eor example stretching,separationand direct observationf individual DNAs 2°%2%% and
proteins?®*?%° sizing and dtectbn of single nanoparticles®® ?®® by electroknetically driven force
on nanofluidics devices haueeen reported recentliAiowever, 6 make full use of these technes
with high performance and efficiencyt is crucial to fully understandthe mechanism of
electrokinetic motionof nanoparticles or molecules;n the nanospace such as in straight

nanochannels.
5.1.1Analytical and numerical models

A large number of numericabnd analytich models have been developed &tudy
electrophoresis behavior since the last century, and these models are based on different limiting
assumptions and working conditions, such as domain boundary, particle shape and surface zeta
potential, type ofelectrolytesolution, and thickness efectricdouble layer (EDL). In the early years,
HelmholtzSmoluchowski and Debyduckel modelsvere developed taevaluateelectrophoresis of
particles in stationary liquids under tbenditionsof thin EDL(Q®| p) and thick EDL QL p),
respectively?®®?’° where®is the radius of the particle, af@ is the Debye lengthTwo general
formulas for the electrophoretic mobility chargedparticles in concentrated electrolygelutions
andin extremelydiluted electrolyte solutionsere derived, as reviewed i€CHAPTER 2 Thesetwo
formulas are br i dogealid fd ybitraye 52§ ansl further rinsptoved by

Ohshima et a"2?™4,

" A similar version of this chapter was published as:
Peng, R.; Li, Electrokinetic Motion of Single Nanoparticles in Single PDMS Namoelsa Microfluid.
Nanofluidics2017, 21 (1), 1https://link.springer.com/article/10.1007/s1040817-18480.
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Modean theories focusing on the other working parameters and conditions have also been

developed These conditions can be divided into two branches, including the -atengéoned

1277

unbounded environmef and the bonded domain which investigates the channel wall effects on

the electrophoretic motion of particles. Particle mdtioear a flat plang’®2%°
channels®28 cylindrical channel$®®%%* underthe conditions of thick EDL limit®® ¥’ thin EDL

limit 278:279.288.289 gng arbitrary EDL thicknes&® %% have been studied. The thickness of EDL is
§93,294

, In rectangular

dominated by thdonic concentration of théuffer solutions®, however, pH value and

symmetry or asymmetrgropery of the ions?®2%52%7

also affect the electrophoretic behavidior

the cases of particle motion in cylindrical channels, generd#ilg, particles move along the
centerines of the channal?%2832% however the off-axis effect has also been inviggtted?922993%

Zeta potential of the particle surfaces is another key parameter in the electrophoresis. Besides the
general low zeta potential assumptf8h?®>2% particles with high zeta potentidl”?%2° arbitrary

zeta potentiaf*®® and particles with nomniform zeta potential distributioff**°? have also been

studied. In addition, electrophoresis models involving neutral partitielectric particle$®*?®’and

288,291,29803,304 a’-}05,306

particles made of $bmaterials , porous medi as well as air bubble¥” have

been investigated. It is also a fact thapmactical applications, the shape of the parsictediverse.

I278,280,282,283,285,287 [ 288,308
i) )

As a result, modeling of electrophoresis of spheritd cylindrica

I281,309

rectangula andspheroidaf'® particles has been conductdthese modelsare summarized in

Table5-1, anddetailsaboutthesemodernmodels arelocumenteds folows.

Keh and Andersorf’® studied boundary effects aie electrophoreticmotion of colloidal
spheres with infinitéQ . Boundary conditions of single flat wall, two parallel walls and long
circular tube are studied, showing thétstly, the electrophoretic velocity is changed by the
interactions between the particles and the boundaaies secondly, the fluidraund the particle
slows down the electrophoretic velocity due to the retardation efféislly, electroosmotic flow
caused by the boundagyves rise to deviation of the electrophoretic motion veloditgh and Chen
27 investigatedhe electrophoretic mtion of dielectric sphere partictevith bondel boundaries and
got similar analytical solutions, providing that the electrophoretic motion is affected by the
electroosmotic flow, the squeezed electric field lines around the pafsgeeding up effects), and
the viscous retardation caused by thencigh wall. Electrophoresis of two particles with different
particle size and zeta potential has bemestigaed by Chen and Ket{® they provedhat wherthe

two particles share the same zeta potential, these two particles will not interact with each other. For
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the case of electrophoresis of suspension of particles with arbitrary size but same zeta potential, the

volume fraction dominates the electropharetiobility of the particles.

Yoon and Kini'® gave exact solutions to the EDL around spheroida latv zeta potential
Their work shows Hat the orientation of the spheroids affects the electrophoretic mobility
significantly and the value of the electrophoretic mobility shows a minimum as the particle size is
comparable to the thickness of the EDL. In 1992, Mangelsdorf and Whitstudied the
electrophoretic mobilityf a spherical particlen an oscillating electric field and proved a function to
describe the magnitude and phase of the electrophoretfility based onthe zetapotential,
frequency, particle size and the concentration of electrolyte solltidr@94,0hshima?’? improved
Henryds function and pr ov e dtiomeffestiinthe takulagorgd r e s s i o
electrophoresis o$pherical particle The dectrophoretic motiorof an infinitely long cylindrical

particle has also been studfd

Ennis and Andersoff°in 1997 worked on the electrophoretic motion of charged particles with
rigid boundaryand low zeta potential, in which EBLget overlapped but not significantly. The
resultsshowedthatwhen EDLs get overlapped, the electrapietic velocity is not proportional tihe
zeta potential difference between the particle and the boundary, and the velocity increases
significantly asQ ¢is smaller than 105hugai and Carni&® investigatedhe electrophoretic mton
of spterical paticles with thick EDLs in confined boundaries numerically and proved the analytical
results developed by Keh and Anderson et'&f%°

Ohshima®'? aso derived general expressions and approximate expressions of electrophoretic
motion of spherical particles msaltfree mediumpredictingthe existence of a critical value of the
particle surface charge. When the surface charge is lower than tleal ordlue, the velocity is
proportional to the zeta potential and when the surface charge is higher than the critical value, the
velocity becomes independent of the surface charge due to condensatiomntdrionsnear the
particle surface. A correspondimumerical work has also been conduct&d An approximate
analytical solution fothe electrophoretic motionf charged spherical partislén general electrolyte
solutionswas also derivedn which the relaxation effects aadbitraryzeta potential at theondition

of large™Q dareconsidered™.

Hsu, Ku and Kag® focused on the effects of electroastio flow on the electrophoretic motion
of particles in cylindrical pores. Their numerical simulation results show that the surface potential of

the pore affects the electrophoretic mobility significantly, anthef surface potential is too high or
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too low, reversal of the particle motion would not occur; and when the surface potential is located in
a medium level, reversal motion may occur for twice. Hsu and &Xémproved this model and

took the effect®f doublelayer polarization into account afterwafinew expressioto evaluate the
electric force acting on the particle during the electrophoresis under the conditi@abfelectric

fields was derived bydus, Yeh and Kd*. The new expression is basemthe Maxwell stress tensor

and is applicable to both rigid and soft particles and various surface conditions.

Khair and Squires®!®

studied the electrophoretic motion of spherical particte with
hydrodynamic slip, showing that in the case of thick diffuse I1&yérL p, the slip boundary will

enhance the electrophoretic mobility, however, for thin diffuse lay@X p), the enhancement

depends on the zeta potential of the particle surface. In the low to moderate range zeta potential, the
mobility increaseswith the zeta potential, and for the larger zeta potential, the mobility decreases and
becomes independent of the zeta potential due to the nonunifrom conductivity inside the EDL. Swan

and Furst?*provi ded a simpler expression foryHenryd

condition is also applied.

Miloh and Boymelgreer®’ investigated thelipolophorsis of ideally polarizable nanoparticles
with overlapping EDL in cylindrial nanopores. In this work, EDLsf the nanoparticle and the
channelwall get overlapped. The nanoparticle is ideally polarizable, as a result, induced charge
electroosmotic flow is also considered in this model. The result shows that both the background EOF
and theelectrghoretic mobity of the particle depend on the frequency of the applied electric field.

Lee et al®V’

combined the electrophoretic motion and the diffusiophoresis and studied the
motion of nanopartickein nanopores. In nanochanneihen theEDL thicknesss compaable to he

particle size, the diffusiophoresis is dominated by the induced electrophoresis driven by the electric
field arising from the polarization of the EDL. In the case of srtadh the diffusbphoresis is

dominated byhe second kind of th@duced electrophoresiy.

Movahed and Li%*** studiedhe the electrophoreticmotion of rectamular nanoparticles in
cylindrical nanochannels and indicated that as the channel size is fixed, a nanopartieléxgin
sizewill move faster than a smaller one under the same conditism etal 28 2°33%ointed out the
importance of the boundary conditions of electrophoressofifcylindrical partioks. The influence
of the EOF?® and the ionic polarization®*® on the electrophoretic mobility of rigid spheri@ a
charge regulated cylindrical pore filled with multiple ionic specigsre also investigated.

Electrophoresis o deformable partie in nanochannels has also been studied by Tseng%% lal.

102



2016, Liu and Pennathut®**'° simulated electrophoretic motion of nanoparticles in nanochannels
with overlappedEDLs and found that themobility of the nanparticlesis affected by the confimke
channel size significantly.
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Table5-1 Summary of electrophoresis theory.

Particle Electric Zetapotential | Thicknessof Boundaries or Equations mobility Additional inf
property field range the EDL channel type
Wiersema and Rigid sphere, | Moderate (in | Moderate zeta ™ QW Open, the Relaxation Direct numerical,| Brown motion is
Overbeek 19667 single non the order of U Tt viscosity and effect of the no approximation| negligible
conducting, few V/cm) dielectric EDL is
uniform constant ofliid | considered
dielectric is independent of]
constant position
particle
O6Bri en 2% Solid colloidal Large range Unbounded Direct numerical,
particle no approximation
O6Bri en &°| LargeParticles Large zeta Large Q& Polarizable Analytical
potential QO>150 double layer solutions
Thin EDL
Ohshima, Healy and | Spherical All value of LargeQ® Open
White #® colloidal zeta Qo>10
particle
Keh and Anderson No conducting| weak Uniformly Thin EDL Bonded P-N-P equation| Analytical
1985278 Spherical charged QOO B boundaries: With angular | solutions
single, particle particle Single flat wall, | velocity
(dilute parallel walls and
solution) long circular tube|
with EDL
overlap
Keh and CheR™ Dielectric Parallel and | Uniformly Thin EDL Single non P-N-P equation| Analytical
sphere uniform charged OO b conducting plane| With angular solutions
particle velocity
Chen and KeR™ Non- 2 paticle with | Thin EDL Open boundary | Stokes equatior] Analytical
conducting different zeta QOO B and Laplace solutions
sphere potential and equation
2 particles size
Yoon and Kim™ Spheroids and| Low Constant Low ka Open boundary | Linearized PB | Analytical
oblate potential surface Q6 p equation solutions
spheroids potential
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Mangelsdorf and Solid spherical| Oscillating Constantand | Large range Open boundary | N-S equation | Numerical Brownian motion is
White 31 colloidal electric field | uniform (Arbitrary with inertial solution negligible
particles, large| of p TTHz surface value) term and
particle size potential colloidat
Arbitrary value particle force
balance
equations
Ohshima??%" Solid spherical Low zeta Arbitrary value | Open boundary Analytical
colloidal @lQg solutions
particles?’?
solid
cylindrical
particle?”*and
Soft particle
304 303
Ennis and Anderson | Spherical Low Low zeta Arbitrary value | Single flat wall, | P-N-P equation| Analytical
199728 particle (all'Qey slitand circular | and NS approximation
tube equation solutions
No significant
EDL overlap
Shugai and Carni#® | Spherical Low Low zeta Arbitrary Single flat wall, Numerkal
particle thickness of slit, and circular solution
EDL tube, withEDL,
overlapped
Ohima3231 Spherical Low High and low | Thick EDL Open boundary | P-B equation | Analytical
particle (existence of | (saltfree solutions and
critical surface | medium) numerical
charge) solutions
Ohshma™* Spherical Low All value LargeQd Open boundary | P-N-P equation| Analytical
particle QO om and solutions
approximate
method
Hsu, Ku and Kag® Spherical Low Low Thick EDL In cylindrical Linearized PB | Numerical With EOF
particle pore witha equation and | solution considered
chargedsurface | N-S equation
Hsu and Chef® Spherical Low Polarized EDL | Thick EDL In cylindrical Linearized PB | Numerical With both EOF and
particle pore witha equation and | solution polarized EDL
chargedsurface | N-S equatio considered
Liu, Qian, and Bau Cylindrical Low Uniform arbitrary EDL Nanopore P-N-P Numerical Multi-ion model
2007°%° particles charge density | thickness; boundary equation and | solution with polarized EDL
N-S equation considered
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Khair and Squired™ Spherical low Uniform Qo p Bounded P-N-P equation| Numerical The enhancement o
particle charge density | andQ® L p boundaries with | and NS solution and electrophoretic
Various values hydrodynamic equation analytical mobility depends on
slip solutions zeta
Swan and Fur&t® Spherical Low zeta Various value | Openboundary | Based on Analytical With slipping
particle potential with slipping Henr y 6 s| solution surface
bounday surface | function
Lee et af*’ Spherical Low Various value | Various value | Nanopore P-N-P Numerical With concentration
nanoparticle equation, solution gradient into
Strokes accoun
equation
Movahed and L7 Rectangular Various value | Various value | Bounded P-N-P Numerical
nanoparticle nanochannel equation, solution
N-S equation
Tseng et a?® Deformable Low Various value | Various value | Cylindrical P-N-P Numerical Electroosmotic
nanoparticle nanochannel equation, solution retardation flow is
N-S equation considered
Liu and Pennathur Spherical Weak 100mVv ™ QO Confined P-N-P Numerical
292319 nanoparticle PTT nanochannel equation, solution
(20, 50 and N-S equation
100nm)
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5.1.2Experiments

Experimental studies dhe electrokineticmotion of single particles providea fundamental
understandingf electrokinetic transport phenomena. For example, the channel wall effects on the
electrokinetic motion of individual spherical microbead$*DMS microchannels have been studied
by Xuan et al**'3%2 For transport of single nanoparticles in nanochannels, several numerical models
292323 \were presented recently; however, systematic studiesh@felectrokinetic motion of
nanoparticles imanopees or instraightnanochannels by experiments are very lim#éd***#. One
possible reason is that tmanochannels used in these studies are made of silicon,*§l&Swor
thermal plasticsconsquently high-costequipmentandcomplicatel procedures are required for the
device fabrication. In addition, the nanochannels used in these works arsliteitimat have only
one dimension in the nanometer scale, while other dimensions of thesslitmm@oe larger than
5 (32532 Opviously, in these narslits, the nanoscale channel wall can influence the nanoparticle
motion just in one dimension. Furthermore, beaatise other dimensiongre in themicron scale
such a nanalit allows transport of multiple nanoparticles through the same -sext®nof the
channel simultaneouslyinteractions between tbe nanoparticles may affect the electrophoretic

327331 Also, the ionic concentration of the buffer solutions is limited in a

mobility of the particles
small range in these works, which is not sufficient to study the ionic concentration effects on the
electrokinetic motion of nanopatrticles. Electrophoresis of spHemaaoparticles in nanochannels

with a particleto-nanochannedize ratidarger than 0.67%is still a mystery.

This chapterinvestigateghe electrokineticmotion of single polystyrene nanoparticles in single
PDMS nanochannels systematically. A novel method to fabricate P@&S micrenanochannel
chips with single nanochannels smaller thare 7@deep isdeomonstratedAll the nanochanels
used in this study are isubmicron in both the width and the depth dimensions. Electrokinetic
motion of single fluorescent nanoparticitutedin LiBr agueous solutiamfromp Tt Mtop 1 M
in singde nanochannelss measured by a fluorescent particle tracking systemic concentration
effect, particle size tochannel sizeatio effect, and electric field effect on thmotion of single
nanoparticlesre investigated quantitativebin extreme casef large size ratiogs large as 0)9s
examed and aumerical model is also created to simuthieelectrokinetic notion of single particles

in single nanochannels.
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5.2 Material s andMethods
5.2.1Numerical simulation

In the numerical simulatiorsection 3D malels are reduced to 2D in order teduce the
computational costand the models arelved by Comsol softwar€SOMSOL 4.3b) Figure 5-1(a)
shows an example of 8D mode] a single nanoparticlgranslocatingn a rectangular nanbannel,
and Figure 5-1(b) shows a simplified model in 20Rasson-NernstPlanck equation and Navier
Stokes equatioare coupled to solve the flow fieJdonic concentration field as well &lse electric
field in the nanochannel.

Channel surface
(b) ++ + + + ++ + + + + + + ++
+ 1

+ + —
- + o + . Veor —

%
P @ S DL

+++++++++++++++
~ Channelsurface

Figure 5-1 Modeing of electrophoretic motion ad nanoparticle ina nanochannel(a) A 3D model

of the simulation;If) A simplified2D model
5.2.1.1Physical modeling

Figure5-2 illustrates the computational domain for electrophoresis of a single nanoparticle in a
single nanochannel. Theanochanneis 2d in width and L in length, and the nanoparticle is
radiuslocatingat the middle of the nanochannel initially. The nanochannilesl with LiBr buffer
solution. An electric potential is applied between the entrancetrenexit of the nanochannel to
drive the liquid and the nanoparticle. ABCD is the computational domain of the nanochans& and

theboundaryof the nanoparticlegGoverning equations and boundary conditiareslisted a$ollows:

O
A D
[ I r —)
By »C
L

Figure 5-2 Modeling ofelectrophoresi®f a single nanopatrticle in a singleanochannel
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5.2.1.2Electric field

Electric Field in EDL. During the modelinguniform surface zeta potentials are considered for
both the channel wall and the nanopartidlee Poissonequationis applied to calculate the electric

potential distribution in the computational domain.

n--nw 7 (5-1)
7 (5-2
whereuwj is the electric potentiadf the channel surface or tiianopartle, and” is thenetcharge

density, F is the Faraday constatandd are the ionic concentration and valencedotand

0 i respectively. The boundary conditions are:

eD-- gy  TADUATAS (53)
W - ABEATSANIBAT A# (5-4)
W — A OEBMA O GEERG A A A (55)

Externally Applied Electric Field. In the nanochannel are#he externally applied electric field is
weak and assumed to be independent to the, Bt the applied electric field also governed by

Poisson equatign

n--ng T (5-6)

wherels is theexternally applieclectrcal voltage, thébounday conditions are

« Or TAOSAT'A#AT A (5-7)
B apAD" (5-9)
E TA®S$ (5-9)

5.2.1.3Flow field

Stokes equation and the continuity equation are solved in order to calculate the flow field inside
the nanochannel. Here, we assumed that the fluid is incompressible and the flow inside the
nanochanel is laminar flow due to the low Re number, and no pressure is applied between the

entrance and the outlet of the nanochannel.
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(5-10)

WOrppq T (>-11)

where” is the density, P is the pressurejs the dynant viscosity of the electrolyte solution. The
boundary conditions at channel walls are nonslip due to the viscos effectoamessure at the
channel endsHere, in order to save the computational cost, we setotlggnal point of the
coordinate system dhe center of the nanoparticle, and a relative slipping veloicty (EK velocity of
the nanoparticle, but opposite direction) igestton the nanochannel walés a slip boundanAs a
result, the boundary conditions are:

Trks  TrLAOSAT A# (5-12)
0 TAO"AT#AS$ (5-13)
T-t; AOEROO/EABAM | PAOOEAIT A (5-14)

5.2.1.4lonic concentration field

The thickness oEDL is comparabléo the channels size and electric double lageeslikely to

get overlapped in nanochannels, consequently,édjuations applied.

oo (5-15)
4. o @t oy oy s (5-16)
. O (5-17)

7y

whered -, 'O, * are the flux, diffusion coefficient and ion mobility 6f'@r 6 | respectivelyqr. |-
is thefluid velocity inside the nanochannel, R is the gas constant. And the following boundary
conditions are applied:

-3l mAOSAT A# (5-18)
® @ AD"ATHAS (519
-3l 06 o AGEROOAEAEAA | DAOOEAT A (520

Here® is the concentration of the bulk solution.
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5.2.1.5Particle motion

The nanopatrticle is subjected to an electrostatic force due to the negatively charged surface
(& ), a hydrodynamic force¥{ ) owing to friction between #hparticle and electroosmotic motion
and a dielectrophoresis forc& ( ) caused by the nonlinearly distributed electric field and the

polarizable property of the nanopatrticle. However, in $simsulaion, the DEP force is negttedand

the nanoparticlés treated as nonpolarizable. Therefore, the total force acting on the nanoparticle is:

The electrophoretic force and the hydrodynamic force can be calculated by:

5-22

- =2

1 RrRR %% 21 S73 (5239
(5-24)

™ =0 ”'I= "Mrekr “TREg QY

whereJ,| is the Maxwell stress tensof theapplied electric fieldaind Lis the unit tensor. The velocity
of particlsc an be cal cul ated by using the Newtonds se:t

. Qe (5-29)
1« 9 705
whered is the mas of the nanopartig|
, I (5-26)
a —
o

Where” is the density oparticle andthe velocityof the particler. Lis obtaineduntil the total

force reaches zero
5.2.1.6Numerical me¢hod and exampls of resuls

The Poisson equation,-R equation, NS equation and continuity equation are fully coupled to
calculate the electric field, ionic concentration fiedddthe flowfield. Table5-2 lists the parameters
and constant valuassed in this simulatiorHere the variables such as channel &9 nm 50 nm)
particle size (30 nm in diameter)concentration of electrolyteolution (0.1 mM), applied electric

field (100 V/cm) zeta potential of the channel surfaces m ) and zeta potential of the partilce
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surface (v m o) etc. aresetted in an example mod&luring the systematic study, these valwese

changd asneeded, and the results of the example model simutgteding the parametelistedin

Table5-2 are demonstrated as follew

Table5-2 Constants and parameters used in the simulation

Parameter Description Value and unit
H Viscosity of electrolyte Ty p 1 [Pa*g
Z. Density of water p 1T T{ky/m"3]
Z Density of particle 1190[kg/m"3]
i Zeta potential of channel wall v 1fMmV]
L Zeta potential of particle v TMV]
E, Dielectricconstant of water 80[1]
E Permittivity of vacuum 8.854 p m [F/m]
+ Radius of particle 15 [nm]
L Length of channel 500[nm]
w Width of channel 50 [nm]
T Electricpotenrtial applied on the entrance 5[mV]
T Bulk concentration 0.1[mol/m"3]
) Valence ofd "Q 1[1]
) Valence of i -1[1]
e Unit charge pprgpm [C]
Avogadro constant @8t ¢ ¢p 1 [1/mol]
Faraday Constant 9649[C/mol]

Diffusion coefficient oftd "Q

p8r o p 1 [M"2/s]

Diffusion coefficientof 6 i

Byt p Tt [MN2/s]

Gas congant

8.314[J/mol/K]

Boltzmann constant

pP® Y pp 1 [JK]

Temperature

293[K]

Figure 5-3 shows the electric potential distributionn the nanochannel and around the

nanoparticle.Here theexternaly appliedelectric fieldis neglectedbecause the electriceld inside

the EDL is several magnitudes stronger than that of the externally applied electric field. For example,

in this case, the electric fieldside the EDLs {n the width direction) is in the order pfrtawfo dand

the external electric field in the length direction is only alpomtdifcy & The surface plot iffigure

5-3 shows the electric fieldlistribution inside thenanochannelObviously, EDLs get overlapped

inside the namchannelnd the electric potential at th@ddle planeof thenanahannel is nonzero
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Figure 5-3 Electric field distributionin the nanochanneand around the nanoparticléThe zeta

potential of both thehannel wall and the nanopartictirfaceis - 50 mV.

lonic concentration (mM)

(a) Liv

Width of channel (nm)
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Figure 5-4 lonic concentratiordistributionof (a) Li* and(b) Br™ in thenanochannelnd around the
nanoparticle EDLs get overlappethside the nanochannelThe applied electric field is 100 V/cm,

andthe zeta potential of both the channel wall and the nanopartieisV.

Figure 5-4 showsthe concentration of both Eand" Oinside the nanochannahd around the
nanoparticle The concentration of both Eand" Oin the bulk solution at the entrance and outlet of
the nanochannel is 0.1 mM. ThmrrespondingDebye length is about 38m, and EDLs get
overlapped in the nanochannel. Fréigure5-4 one can see that the channel is ocedfiiy, Ehand
the concentration df Onside the nanochannel is extremely low due todleetrostaticrepulsion
force betweerthe negatively chargetl Oions and the negatively charged charsaifacéparticle

surface Figure5-5 shows fbw field inside the nanochannel, the surface plot shows the flow field and
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the arrow surface depicts the velocpxofile. The calculatedvelocity of the nanoparticle is about
85.9° of.

Flow field (m/s)

000000 O«
HNWhUON®

Width of channel (nm)

-100 50 0 50 130
Length of channel (nm)

Figure 5-5 Flow filed inside the maochannk The applied electric fieldsi100cfo & The surface

plot shows the flow field and the arrow plot depicts the profile of the flow field.
5.2.2Experimental setup
5.2.2.1Fabrication of nanofluidic chips

Reliable and eéproducible micrenanofluidic chips are essential to the experimental studies of
the electrokinetic motiorof nanoparticles in nanochanndRDMS nanochannelserefabricated by
following the working procedureslisted in CHAPTER 3 and integrating microchannels and
nanochannels into one channel mold is demonstratefippendix G Figure 5-6 (a) shows an
example of the micrmanochannel chips arkdgure5-6 (b) is a zoomedn view of the nanochannel
section.Figure5-6 (c) andFigure5-6 (d) are a 3D image of theanochanneand three crossections

of this nanochannel measuredthg AFM,respectively.
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Figure 5-6 (a) An examplef the PDM&glass micrenanochannel chips, (b) a zoomiedview of the
micro-nanochannel conjunctions of the migranochannel chip, (c) a 3D image of the nanochannel
and (d) threecrosssectionsA, B and Cof this nanochannel, separated by fimeasured by the
AFM.

5.2.2.2Fluorescent nanoparticle tracking system

The mostdirect way to determine the velocity of a fluorescent nanoparticle is to track the
motion of the fluorescent nanoparticle by using a flu@esenicroscopeFigure 5-7 (a) shows a
schematic diagram of the nanopatrticle tracking system used in this Bhislgystem is composed of
a fluorescent microscope (Nikon-Ej), a PDMSglass micrenanofluidic chip, a DC powesouce
and a computer with image processing softwWlS-Elements BR) The fluorescent microscope is
equippedwith a 100 oil immersion objective lens (Apo NA=1.45), a blue laser source (488
¢ @ and a CCD camera ({fhaging, Retiga 2000R). During the experiments, nhaofluidic chip
was located on the working stage of the microscope with the nanochannel section on the focal point
of the oil lens. Naaparticle samplesvere loaded into the microchannels and the nanochannel
through the channel wells. A DE€lectric field (Keithley, 6517A)was applied along the single
nanochannel through two Platinum electrodes inserted incti@nel wells. By this way,
nanoparticlesvereloaded into the nanochanngy electroosmotic flow. Asianoparticles mowkin
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the nanochannels undere electric fields, the CCD camera recosedlthe motion of the nanoparticles
and the software calculat¢he apparent velocity of the pates Figure5-7 (b) shows an example of
the trajectory of a 148 dparticle in a 34@ &deep nanochannel under an electric field@EZD &
The nanoparticle isuspendedn p 1t M LiBr solution, and the average appat velocity of this

nanoparticle is 68.5 Gfi .

In this work, in order to study the electrokinetic motion of single nanoparticles in single
nanochannels, only one single nanoparticle was introduced into the nanochannel each time. However,
for most casg both the PDMS nanochannel wall and the nanoparticles are negatively charged. As a
result, the nanoparticles can hardly flow into the nanochannel freely even an estectrat field
(for example, @ V/cm in the experiments) was applied along the nhaonoel due to electrostatic
repulsion between the channel wall and the nanoparticles. However, nancpaxidieéaccumulate
at t he entrance of t he nanochannel due to th
nanoparticles into the nanochannelieay strong electric field pulse (duration of less than 0.5 s) was
applied to the nanochannel; consequently, one or more nanoparticles were introduced into the
nanochannel in a very short time due to the strong electrostatic force along the axis of the
narochannel. In the case of more than one nanopartialomded into the nanochannel, a weak
electric field was applied on the nanochannetiive the nanoparticles andlease some dhem
finally leaving only one inside the channel. It should be ndtat] because the nanochanneted
are in nanoscale in both the depth and the width directions, the nanopatrticles inside the nanochannel
would line up automatically due to the abenentioned electrostatic repulsion force between the
channel wall and theamoparticles. As a resuthe extra particlesan bereleasd precisely. As only
one nanoparticle wdsft in the channel, we switched the direction of the electric field back and forth
to drive or manipulate the single nanoparticle and to measure tteokieetic velocity, generally,
for 10 times or more. After that, thiparticlewas released, and another one was loaded, and so on

and so forth.
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Figure 5-7 (a) Schematiof the fluorescentparticle tracking system, and (b) an exampletioé
electrokinetic motiorof a 140¢ @particle in a 340¢ adeep nanochannelnder 20 6ifo Gelectric

field. The vide was captured by a CCD cameséh an exposure time setting of 80 ms.
5.2.2.3Chemical reagentand experimentalprocedures

The particlesolution samples were prepared byutiiig carboxylated polystyrene fluorescent
nanoparticles (Bangs Laboratories Inc.) into LiBr solutions. The particle concentration used in the
experimentsvasdiluted to aboup T¥mL. Three sizes of nanoparticles, 6@, 83¢ aand 14 ¢,
wereusel in this study. The ionic concentrations of LiBr solutions used in this werkep 1 M,
pt M,pm M, andp it M. The buffer solutions were obtained by dissolving LiBr (Fisher
Scientific) into pure water (Mini Q, Dire¢) 3 , 18. 2 &lgnfth af t}he nafobhannelss
about300° & DC electric fields from Qcifo ato 100 wfc dwere applied over the 300 &long

nanochannels. To study the partitbechannel size ratio effects on the electrokinetic motion of
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nanoprticles, 6 nanochnnels and 2 straight microchannels were fabricalathle 5-3 gives the

details of the channels.

Table5-3 Sizes of the PDM§lass microchannels and the PDMBssnanochannels.

Chainel No. Width (w) Depth (b)
1 v Tt & o &
2 p 1 d 5 a
3 VTIPC E G CTTIpE G
4 TQTMP B8 Q& pPUXP @ A
5 ToQep @ Q& p TG UE G
6 LWEP P a wp LVE a
7 TUTC B8 & Yo edE &
8 VTTXP P a @X Ot a

Chip conditioningwas conducted by loading LiBr solutions into the freshannels for 15
minutes before nanoparticle samplesreloaded. It should be noted that the buffer solution used for
the chip conditioningvas the same as that of the nanoparticle sample solutions. For each working
condition, i.e. one channel size, onetigée size, one ionic concentration and one electric field, the
experiments were repeated for at least three times on three independent fresh chips; and for each chip,
the motion of the nanoparticles was tracked for at least 10 times. The motiosexidaneparticles
was captured by the CCD camera with an exposure time setting of 80G~{L50or large
nanoparticles, for example, 140 nm nanoparticles, the fluorescent light intensity is high and the
exposure time setting was relatively short, 680 however, for smaller nanopatrticles, for example,

60 nm nanoparticles, the exposure time wasdlb@ make sure the accuracy of the measurement.
All the experiments were conducted at room terapure of about2N . For all the cases, only the
apparent veloty was measured. The apparent velocity is the combineldcity of the
electrophoresis of the particle and the #bdectroosmotidlow of the fluid inside the channeknd

genreally speaking the aparent velocity is meséul for practical applications.

5.3 Results and discussion
5.3.1lonic concentration effects

Nanoparticles of 6@ aand 14 din diametedilutedinp m M,p 1 M, p T Mandp T

M LiBr solutions were tested in two nanochanngith crosssectiors of 340 x501¢ dand 157 x
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460¢ @ respectively, as well as in a microchannel of 25x5@ Theapplied electric fieldor all

the cases wa20 wfo & The apparent velocity of the 80dand 14 @nanoparticles ishown in
Figure5-8, in which®is the diameter of the nanoparticles anid the depth of the channelsrom

Figure 5-8 one can see that in the microchannel, the apparent velocity of f4tanoparticles
increases with the decreasing ionic concentration frorh &8 to 110° &fi, which is consistent

with the dependence dfi¢ electroomostic flow on the ionic concentratidh The increase of the
EOFis due to the increase in zeta potential of the microchannel wall surfaces. However, the zeta
potential of the nanopatrticles also increases with the decgeasiic concentration. From the results

one can conclude & theinfluence of the incre@sy zeta pdential of the nanoparticlés minor and

the apparent velocity of the nanopartiaeslominated by thelectroosmotic flow in the channel.

In the two nanchannels, the apparent velocity of both &@ and 140¢ & nanoparticles
increases as the ionic concentration decreases gramM to p 1 M. However, as the ionic
concentration decreases further, the velocity of bttt 60 ¢ & and 140¢& & naroparticles
experiences a decreasing trend, which is opposite to that in the microchannel. Obviously, for the
cases op 1 M andp 1 M solutions in nanochannels, the thickness ofEBe. is very thin, about
10¢ aand 4Ce @, respectively; as a salt, there is no overlap of EDLs in these two nanochannels,
the electroosmotic flow in these two nanochannels is the same as that in the microchannel, increasing
with the decrease in ionic concentratisimilar to that in the microchannel as mentioneovabBy
contrast, as the ionic concentration decreases further;tdM andp 1 M, the thickness of the
EDL adjacento the channel walls increases dramaticallyabout120¢ dand 40 darespectively;
as a consequence, EDLs are overlapped in thenavochannels resulting in decreasingOF
velocitiesinside thenanochannelsThe effects of overlap dEDLs on the electromotic flow in
nanochanneldhas been demonstrated @HAPTER 4 In addition, as the ionic concentration
decreases, th@acrease ofeta potential of theolystyrenenanopatrticles will also give rise to larger
electrophoreticmobility values of thee nanoparticls, but in the opposite direction dhe
electroosmotidlow. As a result, the apparent velociy60¢ G particlesdecreases furtheto about
38 Gfi and 55 dfi in the 157 ddeep and 346 ddeep nanochanneidled with p 1 M ionic

concentratiorsolution
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Figure 5-8 Concentration effect®n the electrokinetic velocity of single nanoparticles in single
nanochannels. Apparent velocity of @04 particles and 140¢ & nanoparticles in single
nanochannels of 340 x 50& & cross section and, 157 x 468 & cross section, and in a
microchannebf 25 x 50° dwas measured by the particle tranfy system. For all theecases, the
electric field applied over the nanochannels and the microahlais 2 wfo dand the ionic
concentrations of the LiBr solutisrare 100 M, 10°M, 10 “M and 10"°M. In this figure, ®is the

diameter of the nanoparticles, adils the depth of channels.

Interactionsof EDLs betweenthe nanochannels and the nanopartidéfect the apparent
velocity of the nanoparticled\s the ionicconcentratiordecreases, theittkness of EDLnearboth
the nanochannekalls and the nanoparticlesurfaceincreasesand EDLs may overlap in the gaps
between the nanochannel walls and the nanoparticles ,eesggciallyfor the large particleto-
channel size ratio systems. For examptethe case of 158 ananochannel loaded with @0
nanoparticls diluted in p Tt M LiBr solution, no overlap of EDLbetween the channetalls,
because the thickness of the EDL is about 4which is much smaller than the half depth of the
nanochannelabout & ¢ . However, if a60 ¢ dnanoparticlewas loaded in this nanochannel, the
gap between the nanoparticle surface and the channelsivalild bearound50¢ & assuming that
the nanoparticle idocated in the centerline of the nanochannel due to EDtepulsimn %2
Consequentlythe thickness of the EDL, 40 ¢ is larger than the haleéngth of the gap25¢ @,
which means EDLs get overlapped between the nanoparticle and the nanoctalimétor the

cases of particle motion in overlagd EDLSs, it is hard to find an analytical solution for the
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nanoparticle transport behavior due te tophisticated interactions between the particle and the
channel wall.However, fromFigure 5-8 one can see thatthe apparentwelocity of the 60¢ &
nanoparticls is smaller than that in the microchann@bmparel with the cases without overlap of
EDLs mentioned above, the zeta potential changes are the Samenly difference is that in the
nanochannels, EDLs are overlapp@€bnsequently, we can predict that the electrokinetic motion of

nanoparticles in nanochaelsfill edwith diluted ionic solutions is dominated by the overbdEDLS.
5.3.2Particle-to-channel size ratioeffects

Figure5-9 depicts the channel size effects on the electrokinetic motion &f@@anoparticles
Nanochnanelsf 340¢ ¢ 157¢ & 102¢ & 91¢ daand 84¢ d&in depthas well as microchannels of
2511 and 5t in depthwere testedDuring the experiments, nanopartilces were dilutepl im M
andp 1t M LiBr solutions andloaded in these channelBhe applied electric fieldor all the cases
was 20 WI® @ In Figure5-9, the size ratiaifis plotted as théxaxis, wherabis the diameter of the
nanoparticle andbis the depth of the channelt is obvious that the apparent velocity of the
nanoparticles decreases with the size ratio for both concentration values. For instancey for the
M cases, the apparent velocity the 60¢ @nanoparticles in thenicrochannelsd® 1) andthe
large nanochannel (340 & deep nanochannal® T Y is about 50 &fi ; however, as the
channel size decreases to&84#ideep(¢¥® T P, the apparent velocity decreases gradually to
about 22 dfi.

Similarly, for the cases @f 1 M ionic corcentration the velocity of the 60€ Gnanopatrticle
in the microchannels is about 110dfi ; however, when the channslze decreases down to
nanometer scalé¥® T yin Figure 5-9), the apparent velocity of theanopartiats decreases
dramatically due tdhe interactions between EDL#$n Figure 5-9, the thickness othe EDL for the
p T M case is very large, about 4004, and EDLs are overlapped betweblr nanochannel walls
and also betweerhé nanochannel walls and the nanoparticles. When EDLs get overlapped, the
electroosmotic flow in the nanochannel decrsaaed interactions between the nanoparticles and the
channel wallsalsobecome stronger, consequently, the apparent velocity decregsgly with the
channel size. & example, the velocity of th@0& dnanoparticles is about 55dfi in the 34 &
deep nanochanngt¥& T Y and this valuedecreaseso about20* @i as the channel size
decreases to @1 G(cfo T § in which EDLs get overlapped strongly. It can be concluded that,

asthe channel size becomes smallitie size ratio becomes largardinteractions between the EDLs

121



is stronger. Strong interactions between EDi#sminate the electrokinetic motion of the

nanoparticlesnside a small nanochannel amsult in a decrmaentin the apparent velocity.

Figure 5-9 Particle-to-channel sizeatio effects on the apparenelocity of 60¢ dnanoparticles.
Nanochannels d340¢ ¢ 157¢ & 102¢ & 91¢ dand 84¢ d&in depthas well asmicrochannelof
25' Gand 5 ain depthare testedThe paricles are diluted in0'°M and 10 °M LiBr solutiors.
The applied electric field is®@c¥d am for all the case In this Figure,a is the diameter of the

nanoparticles and b is the depth of the channels.

It should be noted, under the condition of strong EDL interactionsn$taince for the case of
60¢ dnanoparticles in an 84 adeep nanochanned/p = 0.71) filled withp 1 M LiBr solution,
the nanoparticles can hardly move under low electric fields. Aggregation occurs in the nanochannel
due to the strong particleanochannel electrostatic interacgoAn example of 6@ d&nanoparticles
trapped in an 84 ddeep nanochannel is shownhkigure 5-10 (a). The nanoparticles can only be
removed with very hiy ekectric field @ Tf Gor higher). Trapping of DNAs inside nanopores
under the conditiomf low electric field has also been reported® Attempt of transporting 66
nanoparticles in a 67 addeep nanochannal{® T®) indicates that it is extremely hard to load 60
¢ & nanoparticles into such a small nanochannel by electroosmotic flow due to strong DEP
(dielectrophoresis) force at the channel entrafitandthe electrostatic repulsion forbetweerthe
nanoparticles and thehannel wall surfaces. GeneralB0 ¢ dnanoparticlesire stick at the entrance

of the 67¢ ananochannekls shown irFigure5-10 (b).
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